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FOREWORD 

The Fort Worth operation of the Convair Aerospace Division 

o'f General Dynamics under Contract NAS8-25848 with the George 

C. Marshall Space Flight Center is participating in a study 

that is part of the overall effort necessary to develop the 

technology required for the design of a nuclear rocket vehicle. 

This work is based in part on the nuclear flight systems con- 

cepts generated under Contracts NAS8-24714 (McDonnell Douglas 

Corp.), NAS8-24715 (Lockheed Missile & Space Co.), and NAS8- 

24975 (North America1 Rockwell Corp.). The propulsion system 

for the flight vehicle is the 1575-MW, 75,000-lb-thrust NERVA 

engine being designed under Contract SNP-1 (Aerojet Nuclear 

Systems Company and Westinghouse AstroNuclear Laboratory). The 

current study is an extension of nuclear rocket vehicle develop- 

ment work previously performed by the Nuclear Aerospace Research 

Facility of the Fort Worth operation under Contract NAS8-18024. 

This report is one volume of the final progress report to 

be issued under Contract NAS8-25848. The report documents and 

discusses work performed under Task I - Redesign of Propellant 

Heating Experiment - during the period 21May 1970 through 21 

May 1971 and includes the Task I work reported in the first, 

second,and third quarterly progress reports. 
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The work performed under Task 11 - Radiation Analysis of 

Saturn V Materials, Systems, and Components - of Contract 

NAS8-25848 is documented in a separate volume, General Dynamics 

Convair Aerospace Division Report FZK-378. 

iv 



SUMMARY 

The major tasks completed and documented in this report 

are: (1) analysis of the fluid dynamic and thermodynamic phenomena 

of the liquid hydrogen propellant of five candidate Reusable 

Nuclear Shuttle (RNS) configurations for a typical lunar shuttle 

mission, (2) development of a liquid hydrogen propellant heating 

experiment (PHT) for the Aerospace Systems Test Reactor (ASTR) 

facility capable of simulating the fluid dynamic and thermodynamic 

phenomena of any one or all of the four baseline RNS configurations, 

(3) determination of the effect of operational variables on the 

overall fluid dynamic and thermodynamic characteristics of the 

RNS and PHT, (4) comparison of the propellant phenomena data gen- 

erated for the 5000-MW NERVA under NAS8-18024, Modification 2, to 

that developed for the 15750MW NERVA under the present contract, 

(5) revision of the AG4 and RIO propellant heating computer codes 

to incorporate procedural and geometric changes in the codes as 

required for the current RNS concepts, and (6) investigation of 

the effect of heat shorts, antivortex baffles, propellant retention 

screens, and the sump on propellant phenomena. 

The results of the studies show that the nuclear heating of 

the propellant in all of the four baseline RNS configurations 

studied (15750MW NERVA) was much lower than that of the nuclear 

flight module (NFM) configuration with the 5000~MW NERVA analyzed 

previously. Although the nuclear heating has been reduced, the 
V 
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effect of nuclear heating on the propellant as well as the effect 

of nuclear heating on internal structure such as antivortex baffles, 

screens, and sump components cannot be neglected. In addition, it 

was found that the present analytical procedures were not able 

to predict boundary-layer initiation and breakoff points with the 

accuracy necessary to predict propellant thermodynamic nonequilib- 

rium (stratification) and/or mixing. 

Further, the results show that the conditions required to 

simulate the pertinent fluid dynamic, thermodynamic, and nuclear 

parameters of the RNS configurations can be met through the use 

of a suitable test tank in the ASTR facility. A typical PHT 

arrangement was developed and its fluid dynamic and thermodynamic 

characteristics were shown to be similar to those predicted for 

the RNS flight configuration that it represented. 
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I. INTRODUCTION 

Contract NAS8-25848 was undertaken at the Nuclear Aero- 

space Research Facility (NARF) of the Fort Worth operation at 

the direction of, and under contract to, the George C. Marshall 

Space Flight Center, National Aeronautics and Space Administra- 

tion. The work performed, which was an extension of previous 

Fort Worth operation efforts in support of the nuclear rocket 

vehicle development program, was directed toward two primary 

tasks : (1) redesign of the Propellant Heating Experiment, and 

(2) a radiation effects analysis of Saturn V materials, systems, 

and components. This report documents and discusses the work 

accomplished under Task I. Task II results are documented in 

General Dynamics Convair Aerospace Division report FZK-378. 

The objective of Task I was to revise the analytical data 

and experiment designs previously generated under Modification 

2 of Contract NAS8-18024 (Ref. 1) to conform with the new con- 

cepts of the Nuclear Flight Systems being generated under Con- 

tracts NAS8-24714 with McDonnell Douglas Astronautics Co.(Ref. 2), 

N&8-24715 with Lockheed Missiles and Space Co. (Ref. 3), NAS8- 

24975 with Space Division, North American Rockwell (Ref. 4), 

and SNP-1 with Aerojet Nuclear Systems Co. (Ref. 5). This re- 

port documents and discusses work performed under Task I during 

the period 21 May 1970 through 21 May 1971, and includes the 
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Task I work reported in the first, second and third quarterly 

progress reports (Refs. 6 through 8). 

Completion of Task I has resulted in the design of a ground 

experiment in which a simulated Reusable Nuclear Shuttle (RNS) 

propellant tank containing liquid hydrogen is exposed to a 

nuclear radiation field. The program plan for this study is 

shown in Figure l-l. The experiment synthesis and design of 

this propellant heating test (PHT) was conducted in a manner 

that will allow one to:(l) establish the amount of nuclear energy 

deposited in liquid hydrogen for well-defined nuclear environ- 

ments, (2) identify the associated changes in the fluid dynamic 

and thermodynamic state of the fluid, and (3) provide experi- 

mental data for comparison with the various propellant heating 

analyses developed to predict nuclear heating effects in liquid- 

hydrogen-fueled nuclear flight systems. 

The nuclear factors studied and evaluated during this program 

consisted of (1) the method of calculation of nuclear energy depo- 

sition in liquid hydrogen, and (2) the nuclear heating that occurs 

in the various RNS configurations during engine burn and in the 

NARF test module. The details are presented in Section II. 

The drain-temperature profiles and pressurization require- 

ments for four baseline RNS configurations were determined for a 

typical lunar shuttle mission. Parametric data were obtained 

by varying the pertinent stage operation parameters over a wide 

l-2 
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range of values. The results of this analysis are discussed in 

Section III. 

The scaling and simulation analysis and the resulting ex- 

periment synthesis and design are presented in Section IV. A 

small-scale fluid-flow visualization experiment was conducted. 

The objective of this test was to determine, in a qualitative 

manner, the effects of heat leaks and tank-bottom geometry on 

the propellant fluid dynamics. 

Section V contains a summary of the flow visualization ex- 

periment results and a description of the experimental equipment. 

The conclusions reached in the various studies conducted 

under Task I and recommendations for future action are given 

in Section VI. 
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IL NUCLEAR FACTORS 

The most recent data available on the nuclear environment 

of the 1575-MW NERVA have been used in calculating the nuclear 

heating in the liquid hydrogen bulk and tank sidewall. The 

method of calculation and the nuclear heating occurring in the 

various RNS and test module configurations are discussed in 

the following subsections. 

2.1 Calculation of Nuclear Energy Deposition in Liquid 
Hydrogen 

2.1.1 Method of Calculation 

The nuclear heating rates required for the performance of 

Task I were calculated by methods which provide a degree of 

accuracy appropriate to the requirements of these particular 

studies and which allow the generation of rather extensive and 

detailed data as economically as possible. The gamma ray and 

neutron source terms were obtained by representing the Aerojet 

Nuclear reference data (Ref. 5) in terms of a few non-isotropic 

point sources. Attenuation in liquid hydrogen was calculated 

by the use of infinite-medium buildup factors derived from 

moments method data; this method was checked and monitored for 

accuracy by comparison with calculations based on single scat- 

tering with infinite-medium buildup on the second leg. 
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2.1.2 Unattenuated Full-Flow Gamma Dose Rates and 
Neutron Fluxes 

The Aerojet data on unattenuated gamma dose rates were 

extended by locating a small set of non-isotropic source 

points in the vicinity of the reactor core, which, given appro- 

priate directional strengths, reproduced the given isodose 

curves. The dose rate was assumed to fall off as distance 

squared along a given direction relative to a source point. A 

differential analysis shows that for detector positions lying 

more than 250 in. from the core center, the unattenuated dose 

rate can be attributed to a single non-isotropic source at the 

core center, with an accuracy of about 20% or better. The un- 

attenuated gamma dose rate ranges from about 6 x lo7 erg/gm(C)h 

at the tank bottom to about 1 x lo6 erg/gm(C)h at the top of a 

typical conftguration. 

Neutron isoflux lines from the Aerojet data (Ref. 5) were 

extended in the same way as for gamma-ray dose rate, i.e., by 

the use of effective non-isotropic point sources. The empty- 

tank fast-neutron flux levels range from 1 x 1011 n/cm2sec at 

200 in. above core center to about 2 x 10' n/cm2sec at the top 

of a typical configuration. 

2.1.3 Gamma-Ray Attenuation in LH2 

Figure 2-1 shows a set of arbitrarily normalized points 

taken from SHADRAC results on gamma-ray attenuation in liquid 
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a MOMENTS METHOD: PLANE FISSION SOURCE 

0 MOMENTS METHOD: R* x ASTR SOURCE 
AT -134 cm 

e-pXI fl= 0.00407 cm-l 

I I I I I I 

100 200 300 400 500 600 700 
LH2 Path (cm) 

Figure 2-1 Gamma-Ray Attenuation in an Infinite LH2 Medium 
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hydrogen. The squares correspond to a plane fission source. 

The circles represent the distance-squared weighted dose rate 

from the ASTR situated only 134 centimeters below the hydrogen 

surface. The two sets of data are essentially exponential and 

have nearly the same effective removal coefficient. This com- 

parison shows that gamma-ray dose rate attenuation in an in- 

finite liquid hydrogen medium is rather insensitive to the de- 

tailed shape of the incident spectrum; which result is sup- 

ported by transport-theory considerations for a case where 

pair production is absent and where the gamma spectrum de- 

creases with increasing energy but is non-vanishing over a 

fairly extensive range of energy. On the basis of estimated. 

gamma spectra from NEXVA at various emergence intervals, it is 

concluded that the indicated removal coefficient should give a 

dose rate accuracy to 30% over two decades of gamma attentua- 

tion in an infinite medium of liquid hydrogen. 

The limitation on the validity of constant removal cross 

sections in liquid hydrogen derives less from spectral harden- 

ing than from the -fact that the infinIte-medium assumption is 

not necessarily applicable to large penetrations through small- 

angle conical volumes, In the case of hydrogen propellant 

tanks, unattenuated gamma rays reaching the wall at points well 

above the tank bottom may be scattered in the direction of an 

on-axis detector point thereby contributing more dose at that 
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point than would be inferred on the basis of infinite medium 

attenuation. However, at detector points not far above the 

bottom of the tank this "short-circuit" effect is small, since 

the large scattering angles involved imply low differential 

cross sections and low scattered gamma-ray energies. Calcula- 

tions based on single scattering with infinite-medium buildup 

on the second leg show that the UnderestImate resulting from 

the infinite-medium buildup assumption does not exceed 15% in 

the propellant regions where nuclear heating and cumulative 

dose are considered to be significant. Hence, the SHADRAC re- 

sults have been used to describe gamma-ray dose buildup in 

these studies. 

2.1.4 Fast-Neutron Attenuation in LH2 

Figure 2-2 shows that, according to moments method results, 

the dose due to a plane fission source of neutrons falls off in 

a roughly exponential fashion in liquid hydrogen. The fast 

neutron attenuation is, of course, much more sensitive to the 

shape of the incident spectrum than that of gamma rays. How- 

ever, a rough estimate of the rate of neutron energy relaxation 

is actually all that is required for these studies. 

The neutron heating and cumulative dose at internal points 

in a hydrogen tank is negligible compared to that of gamma 

rays. It is only in regard to boundary-layer heating that 

neutrons are significant, and even in this context the 
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propellant heating program uses the dose rate relaxation 

parameter only to evaluate an integral involved in the boundary- 

layer energy balance. Since the value of this integral is in- 

sensitive to the rate of neutron relaxation (except for very 

thin boundary layers), a constant removal cross section is con- 

sidered adequate for the purpose. As far as the program is 

concerned, the total neutron energy flux at a given wall posi- 

tion is more significant than the details of neutron attenua- 

tion. 

2.1.5 Bulk Heating of LH2 by Gamma Rays 

The asymmetric propellant heating program assumes a 

radially homogeneous bulk liquid. Hence, the appropriate in- 

put for bulk energy deposition by gamma rays is a radial aver- 

age given by 
c 

Rz 

by w b = 2.39 x 10-g 
/ 

2 rrD(r,Z)dr /nR2(Z) 

0 1 
where Z is the height above the base of the tank and R is the 

tank radius at height Z. The coefficient converts the energy 

deposition from rad(C)/h to Btu/lb(H2)-sec. The point energy 

deposition rate is approximated,by 

D(r,z) = D,(r,dexp[-w(r,dl 

where for convenience the point height is referred to the core 

center. The function D,(r,z) is the unattenuated dose rate at 
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(r,z), s(r,z) is the slant path through hydrogen for gamma 

rays reaching (r,z),and his the effective removal coefficient. 

2.1.6 Radial Variation of Gamma-Ray Energy Deposition 

The radial distribution of dose rate Fn a given liqu-ld 

hydrogen layer is often quite nonuniform. Figure 2-3 shows 

the radial distribution of dose rate for various layer heights 

in the 174-in.-diameter modular configuration propulsion 

module. Each curve represents a layer at a given height Z 

above the tank bottom and terminates at an r-value equal to the 

tank radius at that height. In the case of a liquid hydrogen 

layer 60 in. above the tank bottom, it is seen that the dose 

rate increases by a factor of about 5 from the axis to the wall. 

In this configuration the radial increase results mainly from 

the fact that outer points are not in the shadow of internal 

shield. In view of this radial variation, it is conceivable 

that the heating program underestimates the cumulative boundary 

layer heating by radially homogenizing the energy deposition 

and thereby overestimating the rate of heat loss to the bulk 

fluid. 

2.1.7 Boundary-Layer Heating by Neutrons 

In addition to bulk nuclehr heating, the asymmetric propel- 

lant heating program accounts for direct heating of the boundary 

layer, which effect is predominantly due to the rapid attenuation 

of the neutron flux just inside the tank walls, Actually, 
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two different -energy deposition distributions are required. 

The distribution used by the program in evaluating the boundary- 

layer energy balance is 

t&(Y) m qZexp '9eY c 1 
where {N is a point energy deposition rate per unit volume, qz 

is the value of qN at the wall, y is distance along an inward 

normal to the wall, and qe is an energy relaxation coefficient. 

On the other hand, the overall neutron heating, which must be 

added to the bulk gamma heating for a given layer, is described 

in terms of a dimension normal to the vehicle axis. The latter 

distribution is given by 

Ilk(r) = qz exp [ - (qe/sec P )r I 
where P is the angle between a vector normal to the wall at a 

given point and a vector normal to the vehicle axis. 

The wall deposition rate for each distribution is given by 

qzow = 5.18 x 10-13+ 

where $ is the fast-neutron flux in n/cm2-set and the coeffi- 

cient expresses the corresponding energy deposition rate in 

Btu/ft'-set . The energy relaxation coefficient in each distri- 

bution at a wall point (R,z) is given by 

qeCRSz) = +-(p.z)2]-b 

= JZ &+(z,R)j [l+02j&/R)-u] 

where IX is a neutron removal cross section, $' is a unit vector 
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in the direction of neutron incidence, /i" is a unit vector 

parallel to the wall and in the plane of the vehicle axis, and 

u = dz/dR is the wall slope at (R,z). 

The calculated parameters qz and q, are included in the 

input to the heating program. The neutron contribution to 

bulk heating, G:, is obtained by integrating over the distribu- 

tion q&. An adequate approximation to the result for the 

boundary layers of interest is 

4;: (z> = (0.458/R) 

where the coefficient expresses the bulk heating in Btu/lb(H2)- 

set with R in inches. The total bulk heating for a layer is 

then given by 

where 6:: is defined in Section 2.1.5. 

2.2 Nuclear Heating 

The nuclear heating data required by the propellant heat- 

ing codes (Ref. 9 andlO) are described in the following subsec- 

tions. The four baseline RNS configurations are shown in Figures 

3-lthrough 3-4. 

2.2.1 Single Tank - 8' Conical Bottom 

Figure 2-4 shows calculated heating rates and boundary- 

layer parameters for a single tank with an 8O conical aft bulk- 

head. The data along the axis indicate the layer positions 
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considered. The tabulated data include ib(Btu/lb(H2)sec), the 

radially averaged heating rate in a differential layer at 

height Z above the tank bottom, &(Btu/lb(Al)sec), the wall 

heating in a corresponding section of tank wall, and the two 

boundary-layer heating parameters that are entered as direct 

input to the heating program. In the case of the 8' cone, most 

of the liqugd hydrogen lies wtthin the shadow of the tnternal 

shield so that the radial heating distribution is relatively 

flat. The bulk heating falls from 4.36 x 10 -3 Btu/lb-set at a 

plane 1 ft above the tank bottom to 0.02 Btu/lb-set at a plane 

22 ft above the tank bottom. The bulk and wall heating values 

entered as input into the program are the cumulative heating 

rates shown in Figure 2-5. 

2.2.2 Single Tank - 15' Conical Bottom 

Figures 2-6 and 2-7 show the nuclear part of the heating- 

code input for a tank with a 15' conical aft bulkhead, The 

bulk-heating radial distribution is similar to that shown in 

Figure 2-3. At the lowest point, the bulk heating is relatively 

large due to the neutron contribution, which represents about 

70% of the bulk heating at Z = 10 inches. At 240 in. the 

average bulk heating is down to 4 x 10 -5 Btu/lb-sec. The 

magnitudes of the boundary-layer relaxation parameter, q e' in- 

dicate that neutrons are totally absorbed at distances from the 

wall on the order of several inches. This value drops to about 
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2 in. at points where the angle between wall and the neutron 

incidence direction is small. The accumulative heating rate 

for the 15O configuration is given in Figure 2-7. 

2.2.3 Hybrid Propulsion Tank 

Figures 2-8 and 2-9 show the heating rate distribution 

and accumulative heating rate distribution, respectively, in 

the 160-in.-diameter propulsion module of a selected hybrid con- 

figuration. The accumulative bulk heating is about 40% less 

than in the case of the 15O single tank owing to the smaller 

proportion of hydrogen that lies outside the shadow of the in- 

ternal shield. 

2.2.4 Modular Propulsion Tank 

Figures 2-10 and 2-11 show the nuclear input data for a 

174==in.-diameter propulsion module of the modular RNS configur- 

ation, The data are similar to those for the 15O conical case0 

The bulk heating rate at 240 in. is some 25% less in the module 

owing to the fact that the smaller maximum radius does not place 

as much hydrogen outside of thesbadow of the internal shield at 

the axial position. However, because of a slightly larger tank 

radius in the region where neutron heating is significant, the 

accumulative heating is approximately the same in the two config- 

urations. 
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2.2.5 NARF Test Module 

Figure 2-12 shows nuclear heating rates and boundary-layer 

parameters for the 1600in. NARF test module exposed to radiation 

from the ASTR at a power level of 1 MW. In the assume configu- 

ration, a detailed representation of which is shown in Figure 

4-7, the tank bottom is situated 35 in. above the center of the 

reactor core. The heating rates were obtained from SHADRAC 

calculations which utilized a set of point fission sources dis- 

tributed throughout the core volume of the reactor. Comparison 

of the accumulative heating rates shown in Figure 2-9 (160-in. 

module, NERVA configuration) and Figure 2-13 (1600in. module, 

ASTR configuration) shows that at 10 MW the accumulative heating 

in the ASTR experiment will differ from that in the NERVA hybrid 

configuration at full power by less than 20%. 
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III. RNS ANALYSIS 

Various RNS configurations were analyzed for a wide range 

of conditions in order to define the synergistic effects of 

ambient heating, nuclear heating, tank pressure, tank configu- 

ration, and acceleration on the thermodynamic and fluid dynamic 

phenomena occurring during engine firing. These analyses were 

conducted to provide the insight required to synthesize and 

design the propellant heating experiment. Further, the studtes 

allowed the operating characteristics of the computer codes to 

be more fully understood. 

3.1 RNS Configurations and Missions 

The RNS configurations and missions developed by the 

Nuclear Shuttle Definition Study, Phase III contractors (Ref. 

2 through 4) were used in defining the baseline tank configura- 

tions and mission segments used in the RNS analysis. A de- 

tailed description of these baselines Es given in the following 

subsections. 

3.1.1 Baseline RNS Configurations 

The data presented at the interim briefings of Phase III 

of the Nuclear Shuttle Definition Study (Ref. 2 through 4) were 

used to define three basic propellant/propulsion tank concepts, 

namely, (1) single tank with conical aft bulkhead (2) two-tank 

hybrid, and (3) multiple-tank modular. Four tank configurations, 
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based on these three tank concepts, were then defined for use 

in the RNS analysis. The geometric details of these configura- 

tions are shown in Figures 3-1 through 3-4. In all cases the 

reactor core of the nuclear engine was assumed to be approxi- 

mately 200 inches below the tank bottom. 

Two conical-bottom single-tank configurations were defined 

in order to adequately cover the wide variation in cone angles 

under consideration by the various RNS study contractors. The 

8' and 15' conical aft bulkhead configurations (Figures 3-1 and 

3-2) are based on data presented by North American Rockwell 

Corporation (Ref. 4). These tanks have a nominal 300,000-pound 

LH2 capacity with a 5-percent ullage. 

The hybrid configuration shown in Figure 3-3 is one of the 

RNS concepts developed by the McDonnell Douglas Corporation 

(Ref. 2). The configuration consists of a propellant tank and 

a propulsion (run) tank. The tanks have a combined nominal 

capacity of 300,000 pounds with a 5-percent ullage. 

The tank configuration shown in Figure 3-4 is representa- 

ttve of the tanks that would be used in an RNS modular concept 

compatible with the current Earth Orbit Shuttle cargo bay. 

The particular configuration shown was developed by Lockheed 

Missllles and Space Company (Ref. 3) and has a nominal capacity 

of 36,900 pounds of LH2 with a 5-percent ullage. 
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3.1.2 BaselIne RNS M ission 

The lunar shuttle m ission was chosen as the baseline m is- 

sion for the RNS analysis, The m ission was assumed to consist 

of four ma jor burns. These are (1) trans.lunar injection 

V W  - 1800-set burn, (2) 1 unar orbit injection (LOI) 390-set 

burn, (3) trans.Earth injection (TEI) - 2100set burn, and (4) 

Earth orbit injection (EOI) - 5600set burn, 

3.2 Analytical Me thods 

The analytical me thods used in calculating the various RNS 

fluid dynamic and thermodynamic properties are described briefly 

below and in greater detatl in Appendix B. 

3.2.1 Asymmetric Propellant Heating Code 

This computer code was developed by LMSC (Ref. 10) and was 

originally put on the F W O  computer system in 1967 and was given 

the code designation H76. Since LMSC had made several tech- 

nical improvements in 1968, the H76 code was updated to include 

these modifications. The most significant changes were: 

1. Elim ination of laminar boundary-layer consideration 

2. Avoidance of large LH2 mass build-up in top layer 

3. Addition of a procedure to calculate the dwell time  
of draining layers 

4. Alteration of output headings 

5. Inclusion of boundary layer nuclear heating in 
boundary-layer calculations 

The updated code 2s designated AG4. 
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3.2.2 Lewis Research Center Computer Code 

This computer code was developed by NASA-Lewis Research 

Center for the purpose of calculating temperature profiles in 

a propellant tank subjected to wall and bulk (internal) heating 

(Ref. 9). The code as originally written included the tank 

geometry as an integral part of the program, The program has 

been modified to allow either hemispherical, elliptical, or 

conical tank bottom geometries to be analyzed. In addition, 

the code can be used to calculate the drain temperature based 

on a complete-mix model rather than a stratification model. 

In the complete-mix model all energy being absorbed by the pro- 

pellant is completely and instantly mixed throughout the LH2 

remaining at any time step. The ambient heating is propor- 

tional to the wetted tank surface area at any time step. The 

nuclear heatEng is also time variant since tt depends upon the 

propellant remainfng at any time step. 

3.2.3 Stratification and Destratification Analytical --------.-I . L 
Methods 

The stratification models used were those provided in the 

computer code RIO and AC& (Refs. 9 and 10) and those developed 

under contracts NAS8-20330 and NAS8-24882 (Refs. 11 through 

14). The destratification models used were those developed 

under the above mentioned contracts (Refs. 11 through 15). 

Because the references contain detailed descriptions of the 
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analytical models and methods no details will be provided here. 

Details of the models will, however, be discussed as necessary 

in those sections where they were used to calculate the thermo- 

dynamic state of the propellant. 

3.3 Analytical Studies 

The objective of the analytical studies performed on the 

various RNS configurations was to provide the parametric data 

and operational insight required to design and synthesize an 

extended-parameter , propellant heating experiment. In per- 

forming these studies the effects of various RNS stage operating 

parameters such as pressurization level, acceleration, and 

drain rate on the fluid dynamic and thermodynamic state of the 

liquid hydrogen propellant were investigated for the four baseline 

RNS configurations and mission segments described in Section 3.1. 

Also investigated were the effects of the operational character- 

istics of the computer codes on calculated answers, the fluid 

dynamic and thermodynamic effects of auxiliary internal tank 

structure located near the tank bottom, and the radiation-induced 

conversion of parahydrogen to orthohydrogen (para-ortho shift) 

in the propellant tank. 

In addition to the studies conducted on the four baseline 

RNS configurations, a cursory analysis of the "Dual-Cell" RNS 

concept was also performed at the request of the contractor. 
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The results of this study are presented separately in Appendix 

C. 

All RNS concepts and conditions analyzed are summarized in 

Table 3-1. The results of the analyses conducted on the four 

baseline concepts are discussed below and where applicable com- 

pared to the previously calculated 5000-MW NERVA single tank 

nuclear flight module (NFM) data (Ref. 1). 

3.3.1 Heating Rates 

To determine the thermodynamic state of the propellant it 

is necessary to know the amount of energy transferred to the 

liquid hydrogen and ullage from (1) nuclear energy directly 

deposited in the propellant and tank wall (nuclear heating) and 

(2) conduction through the tank insulation and influx of warm 

pressurant gas (ambient heating). The heating rates due to 

these sources are discussed in the following subsections. 

3.3.1.1 Nuclear Heating 

The details of the method of calculation of nuclear energy 

deposited in liquid hydrogen and the tank wall as well as the 

resulting heating rates are described in Section II. The data 

presented show that the bulk heating varies from a low of 0.73 

Btu/sec (0.77 kW) to a high of 10 Btu/sec (10.6 kW). The wall 

heating varies from a low of 0.093 Btu/sec (0.098 kW) to a high 

of 0.228 Btu/sec (0.240 kW). In both cases the 8' conical 

3-10 



c 

Table 3-1 
RNS CONDITIONS ANALYZED 

w 
I 

=: 

Full Flow Engihe 3MI 
1575 Mu 4 TEI 

5 EOI 

Single Tank - So 6TLI 
Conical Bottom, 7 LO1 Full Flow Engine 8 TEl 
1575 w 9 EOI 

10 EOI 
11 EOI 

LB00 
390 
210 
750 

L150 
Ll50 

Single Tank - 15' 12 TLI 
Conical Bottom, 13 I.01 
Full Flow Engine 14 TEI 
1575 Mu 15 MI 

16 

:i 5 
19 EOI 

1800 
390 
210 
560 
750 
750 

1115 
L115 

adular - Propuleion20 # 
Module, Full Flow 21 
Ehgine 1575 w 22 

23 

405 91.6 18 - 24.9 
615 59.5 18 - 24.9 
615 59.5 24 - 24.9 
330 91.6 24 - 24.9 

Hybrid - Propulsion 24 
Tank, Full Flow 25 
Engine 1575 Mw 26 

27 
20 

3': 
31 

l3' 
34 
35 
36 

2 
39 N 

106 91.6 
160 59.5 
160 59.5 
106 91.6 
106 91.6 
160 59.5 
160 59.5 
106 91.6 
106 91.6 
106 91.6 
160 59.5 
160 59.5 
106 91.6 
106 91.6 i6i3 59.5 
i60 59.5 

Dual Cell Elliptica: TLI 1716 
Hot Bleed Engine 41 I.01 381 
1500 Mu 42 TEI 221 

43 EOI 567 

900 
1800 

390 
210 
560 

-7- 
DRArn AMBIENT YLLAGE PRESS. COMPUTER 
RATE WALL HEATING VENT-RUN CODE 

Jlb/eec) (Btu/ft2-eec x 105) (usia) USED 

9 .6 
/ 

1.8 24 - 30 A G4 
/ 

91.6 
59.5 
59.5 

1 
24 - 30 
24 - 27.5 

91.6 

I 
91.6 
59.5 
59.5 

24 - 30 

24 
I 
- 30 

24 - 27.5 

24 - 26.2 
24 - 26.2 
24 - 30 
24 - 30 
24 - 26.2 
24 - 26.2 
24 - 30 
24 - 30 
24 - 

t 
26.2 

24 t - 26.2 
24 - 30 

I 

90 

I 
90 

2.2 

t 
2.2 24 - 30 

N/A 

t 
N/A 

c RIO - St 9 

COMP. TIME 
INCRRQXT 

(84 

30 
60 

ii 
30 

60 
30 

I 
30 

I 
30 
10 

t 
10 
N/A 

ACCELERATION INITIAL PROP 
LEVEL LEVEL 

CR) (ft) 

0.15 

, 
0.15 

145 
145 

tt 
77 

149 
102 08 
.80 
80 
80 

** RIO - 



bottom single tank has the lowest heating while the propulsion 

module of the modular configuration is the highest. Pertinent 

characteristics of the nuclear heating profiles are given in 

Table 3-2, 

Comparisons of the nuclear energy deposition rates of the 

current 15750MW NERVA RNS configurations with those of the 

previous 5000~MW NERVA NFM were made and are shown in Figures 

3-5 and 3-6 (bulk and wall deposition,respectively). The data 

marked NFM are based on a 5000~MW NERVA engine with a 300,000 

lb-LH2 capacity elliptical bottom tank. 

3.3.1.2 Ambient Heating 

A value for the sidewall heat leak was determined by con- 

sidering the various high performance insulation (HPI) systems 

and vehicle surface optical properties presented in References 

3 through 4. The HP1 systems considered were SUPERFLOC, GAC-9, 

NARSAM, and DAM-NM with thicknesses ranging from 0.5 to 3 

inches. Mission-duration (time) averaged temperatures con- 

sidered ranged from 300°R to 450'R. Based on these considera- 

tions the sidewall heating rate value selected for the study 
-5 was 1.8 x 10 Btu/ft2-sec. In addition, it was assumed that 

any penetration heat leaks would be of the same order as the 

sidewall heating, i.e., thermal protection system failure modes 

were not considered. 
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TABLE 3-2 

RNS NUCLEAR ENERGY DEPOSITION RATE CHARACTERISTICS 

yank Height (ft) 152.25 105.5 21.12 58 

"otal Energy 
)epositi.on Rate (kW) 

Bulk 0.775 10.0 6.23 10.6 

Wall 0.098 0.208 0.137 0.240 

Ieight and Height 
rraction (H/H,) at 
given % of Total Energy 
deposition Rate 

3ulk: 60% H 7.5 5 3.1 4.6 
H/H, 0.049 0.0474 0.147 0.0793 

90% H 21 15 9.3 9.5 
H/H, 0.138 0.142 0.44 0.164 

Jall: 60%'~ 6.1 5.8 4.8 4.7 
H/H, 0.040 0.055 0.227 0.081 

90% H 17.5 15.5 9.8 9.75 
H/H, 0.115 0.147 0.464 0.168 

SINGLE TANK 
8' Conical 15' Conical F HYBRID MODULAR 

PROP. MODULE PROP. MODULE 
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Figure 3-5 Bulk Nuclear Energy Deposition Rate For Various 
Tank Configurations 
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3.3.2 Drain Temperatures 

In order to have a consistent base from which to evaluate 

the drain-temperature profiles.of the various configurations 

the following assumptions were made: 

1. Propellant settled at start of burn 

2. Propellant and ullage in thermal equilibrium at 
vent pressure at start of burn 

3. Drain rate reached instantaneously at start of burn 

4. Pressurant gas (GH2) at a constant temperature of 
230'R 

5. Acceleration reached instantaneously at start of 
burn and constant 

6. Wall and bulk nuclear heating instantaneous at 
start of burn. 

The most important of the above assumptions is number 2. 

This assumption minimizes the drain temperature rise since no 

stratification is assumed to exist prior to tank drain (engine 

firing). This is, however, a plausibl e mode of operation since 

all RNS configurations can be vented and propellant mixed prior 

to engine operation. 

Drain temperatures were calculated for a wide range of RNS 

operating conditions; the most significant of which are shown 

in Table 3-l. The individual effect of these operating conditions 

on drain temperature are discussed briefly in the paragraphs 

below and are discussed in detail in Subsections 3.3.4 through 

3.3.9. 
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3.3.2.1 Single Tank Configuration - 8O Contcal Bottom 

The drain-temperature profiles for the 4 segments of the 

baseline lunar mission are shown in Figure 3-7 (Runs 6 through 

9, Table 3-l). The vent and run pressures were 24 and 30 psia, 

respectively, and the initial propellant temperature was 39.75oR. 

The maximum temperature rise was 0.09"R and occurred during the 

TLI burn. The temperature rise for the LOI, TEI,and EOI were 

0.05, 0.05, and O.O6'R, respectively. 

Two runs were made using a turbopump malfunction flow rate 

of 59.5 lb/set (corresponds to single turbopump operation) and 

vent/run pressures of 24/30 and 24/27.5 psta (Runs 10 and 11). 

The drain temperatures for these conditions were within 0.02'R 

of one another and at 870 seconds had drain temperatures of 

39.81'R and 39.79°R,respectively. 

Prior to selection of the 8' conical bottom single tank 

configuration, drain temperatures had been calculated for the 

8.5' conical bottom (Runs 1 through 5). The drain temperatures 

were, for all practical purposes, identical to those predicted 

for the 8O conical bottom. The largest variation was less 

than O.Ol'R. The drain temperatures are shown in Figure 3-8. 

3.3.2.2 Single Tank Configuration - 15' Conical Bottom 

Conditions analyzed for this configuration included various 

accelerations , pressure levels, and flow rates (Runs 12 through 
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19). Runs 17, 18, and 19 are applicable to the baseline lunar 

mission and the results will be discussed here. The results 

of the other runs are discussed in the applicable parameter 

effects subsections. 

The temperature rise for the EOI mission segment with 

normal operating conditions of 91.6-lb/set drain rate and 24/30 

psia vent/run pressure was O.ll'R to 39.86'R at 560 seconds. 

Runs made with the malfunction mode 59,5-lb/set drain rate for 

vent/run pressures of 24/30 and 24/27.5 psia predicted drain 

temperatures of 39.82 and 39.83'R,respectively,at 870 seconds. 

The drain-temperature data for runs 17, 18, and 19 are shown 

in Figure 3-9. The drain-temperature data are shown through 

times corresponding to lOOO-lb LH2 or less residual in the tank, 

The drain temperatures corresponding to the baseline mission 

are obtained by simply reading the temperature at the appro- 

priate burn time. 

3.3.2.3 Modular Configuration 

Drain temperatures for the modular RNS configuration were 

determined for pseudo EOI conditions or malfunction mode stage 

operations. That is., it was assumed that,for whatever the reason, 

only the propulsion tank was operable and no flow from any of the 

propellant tanks into the propulsion tank could take place. The ini- 

tial amount of propellant in the propulsion tank was set at 36,900- 
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lb LH2 which corresponds to an ullage fraction of 5 percent, 

These assumptions were necessary in order to eliminate the need 

to calculate the thermodynamic state of the LH2 flowing into 

the propulsion tank from the various propellant tanks, a task 

beyond the scope of this study. 

Four sets of operating conditions were analyzed (Runs 20 

through 23). The data for these runs are presented in plotted 

form in Figure 3-10. The maximum drain temperature possible 

is 39.99'R which corresponds to the 24.9 psia run pressure. As 

can be seen in Figure 3-10, this temperature is not achieved 

until very near the end of the drain period which is about 620 

seconds for the 59.5-lb/set (turbopump malfunction mode) drain 

rate and 403 seconds for the 91.6.lb/set drain rate. 

3.3.2.4 Hybrid Configuration 

As in the case of the modular RNS configuration only the 

propulsion (run) tank of the hybrid RNS configuration was 

analyzed. Both computer code AC4 and RIO were used to calculate 

the drain-temperature profiles under various RNS operating con- 

ditions (Runs 24 through 39). In all cases the initial amount 

of propellant was set at 9,700.lb LH2 which corresponds to a 

5 percent ullage and a liquid surface height of 19 ft. 

The maximum drain temperature possible was 41.36'R for 

the run pressure of 30 psia and 40.36'R for the run pressure 
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of 26.2 psia. The drain temperatures calculated using AG4 with 

a lo-second compute increment (Runs 28 through 31) are shown in 

Figure 3-11. The lo-second compute increment data are con- 

sidered to be better predictions than those calculated with a 

30-second compute increment (see Subsection 3.3.4 for further 

details). 

Drain temperatures under identical RNS operating condi- 

tions were also calculated using both the complete-mix and 

stratified models of code RIO (Runs 33 through 39). The tem- 

peratures predicted using the complete-mix model were lower by 

about 0.02'R than those predicted using the stratified model. 

This indicates that for the operating conditions analyzed very 

little stratification occurred. The drain temperatures are 

shown in Figures 3-12 through 3-15. 

3.3.3 Pressurization Requirements 

The pressurization gas mass requirements were calculated 

for the conditions listed in Table 3-l using computer code AG4 

(Runs 1 through 31). The pressurant gas (GH), supplied by an 

autogenous pressurization system, was assumed to have an 

enthalpy of 780 Btu/lb. Because of the possible differences 

in engine chamber pressure, pump spin rate,and turbine exhaust 

supply during the start-up phase of the different RNS configu- 

rations,the pressurant gas enthalpy was treated as a constant 
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Figure 3-12 Drain-Temperature Profiles For Propulsion Tank 
Hybrid Configuration Code RIO, Run 32 
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Figure 3-14 Drain-Temperature Profiles For Propulsion Tank 
Hybrid Configuration;Code RIO, Run 36 
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tn all the cases analyzed. All other stage operational charac- 

teristics were the same as those listed in Subsection 3.3.2. 

3.3.3.1 Single Tank Configuration - 8' Conical Bottom 

Pressurant gas requirements for the TLI, LOI, TEI, and 

EOI segments of the lunar shuttle mission were predicted to be 

3008, 1132, 973, and 1620 lb, respectively, or a total of 6733 

lb. The cumulative pressurant mass versus time for the four 

mission segments are shown in Figure 3-16. 

Prior to selection of the 8' conical bottom configuration, 

pressurant requirements had been calculated for a 8.5' conical 

bottom (Runs 1 through 5). The mass requirements for this con- 

figuration were very close to those predicted for the 8' coni- 

cal bottom. The largest variation was 36 lb and occurred 

during the EOI burn. The predicted pressurant mass require- 

ments for the TLI, LOI, TEI, and EOI burns are 3010, 1127, 969, 

and 1656 lb,respectively. The total mass was 6762 lb compared 

to 6733 lb for the 8' conical bottom. The pressurant mass 

versus time for the four mission segments are shown 1n Figure 

3-17. 

3.3.3.2 Singleration - 15' Conical Bottom 

The pressurization requirements for the four segments of 

the lunar shuttle mission (Runs 12 through 15) are shown in 

Figure 3-18. The results shown here are for a l-g acceleration 
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- 

level. The cumulatfve mass for the TLI, LOI, TEI, and EOI 

segments were 3000, 1180, 1060, and 1700 lb, respectively, or 

a total of 6930 lb. This total mass compares very well wfth 

that predicted for the 8' single tank configuration: 6733 lb 

vs 6930 lb, or less than a 3 percent difference, 

Comparfson of the EOI segment data run at a 0,15&g accele- 

ration level (Run 17) Endicate that the total mass requirements 

were 1698 lb, This is almost fdentical to the 1700-lb require- 

ment for the l-g case. The maximum flow rate was, however, 

higher for the l-g case. Acceleration effects are discussed 

in Subsection 3.3.5. 

3.3.3.3 Modular Configuration 

Pressurization requirements were determined for conditions 

wherein only the propuls-lon tank was operable and no flow from 

any of the propellant tanks could take place, In all cases 

analyzed the initial LH2 mass was set at 36,900 lb which corres- 

ponds to an ullage volume fraction of 5 percent. These assump- 

tions were used in order to avoid analyzing the large number 

of variations on the draining sequence of the various propel- 

lant tanks, a task beyond the scope of this study. 

The results of the four sets of conditions analyzed are 

shown in Figure 3-19. The data show that the level of pres- 

surization as well as drain rate have very little effect upon 
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the total amount of pressurant required, about 740 lb. The 

rate of flow is, of course, dependent upon the drain rate. 

This effect can be seen by comparing the slope of the curves 

shown in Elgure 3-19. 

3.3.3.4 Hybrid Configuration 

The pressurant requirements for the propulsion (run) tank 

of the hybrid RNS configuration were determined for the normal 

91.6-lb/set and malfunction 59.50lb/set drain rates under two 

different vent/run pressure levels (24/26.2 and 24/30 psia) 

using B:ode AG4 with a 30-second and 100second compute-time 

increment (Runs 23 through 31). The requirements calculated 

usi'ng a lo-second compute increment are shown in Figure 3-20. 

The !O-second compute increment data are considered to be the 

better predictions (see Subsection 3.3.4 for details). 

The tank was assumed to contain 9,700 lb of LH2 with an 

ullage volume of 5 percent at the start of drain. As can be 

seen in Figure 3-20, the total amount of pressurant required 

was about 190 lb for all cases. The flow rate averaged about 

1.72 lb/set for a drain rate of 91.6 lb/set and 1.12 lb/set for 

the 59.5-lb/set drain rate, 

3,3.4 Compute-Time Increment Effects 

Several different compute-time increments were used in 

using code AG4 to calculate drain temperatures and pressurant 
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requirements. While the use of small time increments tends to 

increase the accuracy of the calculated numbers, the amount of 

computer time required per problem becomes too large to be 

economical for parametric or trade studies. For example, in- 

creasing the time increment from 30 seconds to 60 seconds re- 

duced the computer run-time about 60 percent. The effect of 

compute-time increment on the calculated drain temperatures and 

pressurant requirements are discussed below. 

3.3.4.1 Drain Temperature 

Six sets of runs were made in which all variables were 

identical except for the compute-time increment (Runs 1 & 2; 

16 & 17; 24 & 28; 25 & 29; 26 & 30; 27 & 31). Analysis of 

drain temperatures calculated showed that in all cases the 

larger compute-time increment results were 0.02' to 0.05oR 

the 

higher than for the smaller increment. In addition, the drain 

temperature response to compression heating was faster when 

smaller time increments were used. A typical set of data are 

shown in Figure 3-21. The particular drain-temperature pro- 

files shown are for the 15' conical bottom single tank configu- 

ration during EOI burn. 

3.3.4.2 Pressurization Requirements 

The series of runs analyzed in the preceeding subsection 

were also used to fnvestigate the effects of compute-time 
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increment on pressurization requirements. The results of this 

investigation are shown in Table 3-3. 

The numbers shown in Table 3-3 indicate that the smaller 

compute-time increments predicted smaller pressurant mass re- 

quirements (evaluated over the same time span). The longer run 

times and larger tank volumes showed the greatest differences, 

For example, on one hand, the 8.5' and 15O conical bottom 

single tank configurations had a 10 to 15% difference in pres- 

surant required for the TLI burn. On the other hand, the pres- 

surant requirements for the propulsion tank of the hybrid con- 

figuration were for all purposes identical with the maximum 

difference being 1.1 lb. The pressurant requirements for the 

15' conical bottom single tank configuration are shown in 

Figure 3-22. 

3.3.5 Acceleration Effects 

A complete lunar shuttle mission was run at an accelera- 

tion of 1 g instead of the baseline 0.15 g as a means of investi- 

gating the effect of acceleration level on the drain-temperature 

profile and pressurant requirements. The drain-temperature pro- 

files calculated under this condition for the 15' conical 

bottom single tank configuration are shown in Figure 3-23. 

No marketed effects were found in any of the baseline mis- 

sion segments. Since the run times were short (maximum 1800 
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Table 3-3 

EFFECT OF COMPUTE-TlME INCREMENT ON PREDICTED PRESSURANT REQUIREMENTS 

RUN NO. RUN NO. 
(TABLE 3-1) (TABLE 3-1) 

1 1 30 900 1481 
2 2 60 900 1750 

16 16 60 720 2151 
17 17 30 720 1905 
24 24 30 90 154.8 
28 28 10 90 154.1 
25 25 30 150 171.0 
29 29 10 150 170.5 
26 26 30 150 172.6 
30 30 10 150 171.9 
27 27 50 90 156.4 
31 31 10 90 155.3 

COMPUTE-TIME TIME BASE CUM. PRESSURANT 
INCR. (SEC) (SEC) AT RUN TIME (1bM) 
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=c>, very little stratification due to free convection took 

place, even though the acceleration level was 1 g, or roughly 

7 times normal. A comparison of the EOI drain-temperature 

profiles for identical conditions except for acceleration level 

is shown in Figure 3-24. The data show a slight reduction in 

the compression heating spike and a faster temperature rise 

near the end of the burn due to an increased rate of stratifi- 

cation at 1 g. 

No pressurant mass requirement effects (increase or de- 

crease) were observed. This was as expected for several rea- 

sons, First, the ullage model used in AG4 is one node and 

hence does not allow for a stratified ullage, and second, the addi- 

tional heat transfer from the tank walls to the ullage by free 

convection is not large enough to have a noticeable effect on 

the ullage mass during the relatively short burn period. 

3,3,6 Pressurization Pressure Effects 

Many different pressurization levels were investigated 

during the course of the study. The pressurant mass require- 

ments for the four baseline configurations using these dif- 

ferent levels are presented in Subsection 3.3.3 and will not be 

discussed here. Two salient points concerning tank pressuriza- 

tion and its effect upon drain temperature and pressurant mass 

will be discussed, namely, run pressure level and the difference, 

or delta pressure,between vent and run pressure levels. 
3-44 
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The run ullage pressure sets the propellant surface tem- 

perature. For example, if equilibrium conditions are assumed, 

an ullage pressure of 18 psia will dictate a surface tempera- 

ture of about 37.75QR while an ullage pressure of 30 psia will 

support a surface temperature of approximately 41.36OR. If non- 

equilibrium conditions (stratified ullage and liquid) were to 

exist these temperatures would be generally higher. Equili- 

brium ullage conditions and ullage-liquid interface conditions 

were assumed in these studies. Drain temperatures for the 8' 

.conical bottom single tank configuration during EOI burn are 

shobm in Figure 3-25 for run pressures of 27.5 and 30 psia and 

with an initial (vent) pressure of 24 psia. The temperature 

profile for the 30-psia pressure shows a slightly higher com- 

pression heating hump and slightly higher temperature through- 

out the drain. For all practical purposes there is very little 

difference so long as any residual propellant is in the tank, 

The temperature profile also indicates that only a very thin 

stratified layer exists in the propellant,, This is due to the 

assumption of a equilibrium condition at the vent pressure at 

start of burn. 

The effect of the delta pressure (run/vent) is shown in 

Figure 3-26. The data show that the greater the difference in 

vent and run pressure the larger the pressurant mass require- 

ment and the greater the initial mass flow rate. Tanks of 
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similar volume exhibit similar tendencies, as can be seen in 

Figure 3-26 by comparing the 8' and 15' conical bottom single 

tank configuration data. The run tank and propulsion module of 

the hybrid and modular configurations showed similar trends, 

3.3.7 Drain Rate Effects 

Runs 24 and 25 (propulsion tank, hybrid configuration) were 

chosen to illustrate the effect that drain rate has on pres- 

surant requirements and drain temperature. Run 24 has a drain 

rate of 91.6 lb/set and Run 25, 59.5 lb/set. The vent/run 

ullage pressures for both runs were 24/26.2 psia. 

The effect of drain rate on pressurant requirements are 

shown in Figure 3-27. The total pressurant mass requirements 

for the two different flow rates are very close, within 30 lb. 

The pressurant gas flow rates are proportional to the drain 

rates. The trends shown by the results are as would be 

expected considering the physical situation. 

The effect of drain rate on drain temperature is shown in 

Figure 3-28. The longer residence time of the propellant in 

the tank afforded by the lower flow rate allows the propellant 

to be heated more and allows stratification to bu-Lld up to a 

greater extent. Both these effects are evident in the data 

presented in Figure 3-28. 
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3.3.8 Auxiliary Internal Structure Effects 

A cursory investigation into the effect of auxiliary 

structure and/or components such as antislosh baffles, anti- 

vortex baffles, propellant retention and acquisition systems, 

and thermal conditioning devices on the propellant thermodyna- 

mics and fluid dynamics was performed during this study, The 

results indicate that the nuclear heating of these components 

and structure could lead to convective (nonmechanical) mixing 

of the propellant during the burn portions of the mission. It 

is also possible, depending upon the location of the auxiliary 

components and structure, to have mixing during the cooldown 

portion of the mission, Although a thermodynamic vent is used 

in the sump,it is unlikely that it will be effective in remov- 

ing the energy from the antivortex baffles and retention de- 

vices located at a distance from the heat exchanger coils of 

the vent system. 

It was found that the impact of a mixed stratified pro- 

pellant could be substantial in terms of the AT in the tanks 

of the various RNS configurations. In the case of mixed pro- 

pellant, the ATS were always less than 0.5'R, while if stratifi- 

cation were allowed to occur the ATs could reach 6' to 8'R. 

The question of whether or not stratified or mixed propellant 

is desirable, and if so, to what degree, is dependent upon the 

pressurization methodology and planned residuals of the parti- 

cular RNS configuration. 
3-52 



The important point is that stratification or the lack of 

it, i.e., mixing, must be predictable with a reasonable degree 

of accuracy. While much data and some criteria have been de- 

veloped for the case of stratification due to sidewall heating, 

the effects of bottom wall heating and source heating of the 

LH2 bulk and internal structure near the bottom of the tank on 

convective mixing and/or stratification are not as well known. 

3.3.9 Para-Ortho Shift Effects 

The radiation-induced conversion of parahydrogen to ortho- 

hydrogen in the propellant tank is unlikely to constitute a 

significant factor either in regard to nuclear heating rates or 

propellant properties. Radiation produces conversion effi- 

ciently only under conditions in which the pH2-oH2 transition 

corresponds to a decrease in free energy. Since the equili- 

brium composition of hydrogen at LH2 temperature is over 99% 

PH2' conversion of pH2 cannot be effected by catalytic action 

and can only be induced by a process involving the dissociation 

of H2 molecules. It can be shown that the absorption of 

nuclear energy by dissociative conversion is negligible com- 

pared to the thermal energy that would be evolved. 

In principle, a prolonged irradiation of parahydrogen 

maintained at liquid hydrogen temperature by a heat sink would 

produce a steady-state composition consisting of 75% oH2 and 
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25% pH2. However, an amount of ionizing radiation sufficient 

to convert more than a few percent of the hydrogen in an 

adiabatic process would vaporize all of the hydrogen involved. 

Furthermore, even if the parahydrogen were 75% converted, the 

corresponding change in propellant properties would not repre- 

sent a major design variable. The insensitivity of thermodyna- 

mic properties of liquid hydrogen to pH2-oH2 composition is due 

to the fact that both modifications are in their rotational 

ground states at low temperature. In this case thermodynamic 

disparities result only from minor differences in the equations 

of state. For example, at 38oR the vapour pressure of liquid 

normal hydrogen (75% ortho) is only 0.6 psi less than that of 

parahydrogen (18.7 psia), or 3.2% below the absolute pH2 vapour 

pressure. 

Two pH2-oH2 p roblems that might conceivably arise under 

special conditions are as follows. 

(1) If the hydrogen used in a propellant tank contained 

orthohydrogen in excess of the oH2 fraction corresponding to 

equilibrium at operating temperature, radiation would cause 

equilibrium with a small release of energy. The amount of 

energy released would be only on the order of 1.3x + 2.6x2 

(Btu/lb) where x is the excess orthohydrogen fraction. 

(2) If hydrogen passing through the nozzle and reflector 

is used to pressurize the tank, the rate of mass transfer 
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between the warmed gas and the liquid would not conform exactly 

to the case of a parahydrogen pressurization, since the tem- 

perature of hydrogen passing through the reflector is in the 

range where radiation induced conversions may be appreciable. 

The latter effect can result in a loss of energy available 

to turbines run on reflector-heat pickup, but this problem is 

not relevant to energy distribution in the propellant tank. 
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IV. EXPERIMENT SYNTHESIS AND DESIGN 

This section presents the studies that were conducted in 

reviewing the work accomplished previously (Ref. 1) and in in- 

vestigating the requirements imposed by the four baseline RNS 

configurations. The analyses, discussion of results, experi- 

mental equipment requirements, and test criteria are presented 

in the following subsections. 

4.1 Scaling 

Nuclear and ambient heating of the liquid hydrogen propel- 

lant can result in large weight penalties for the RNS. Evalua- 

tion of the severity of the weight penalties associated with 

these phenomena and the implications on RNS design are cur- 

rently based primarily on analytical models. 

The objectives of the propellant heating test (PHT) are to 

generate data that can be used to determine the accuracy and 

applicability of current analytical models, develop correla- 

tions useful in nuclear stage design, and simulate typical 

flight module conditions when possible. To achieve these objec- 

tives it is necessary to investigate the relevant physical 

phenomena, ranges of associated physical parameters, and the 

resultant implications on the establishment of scaling laws to 

be utilized in the design of the experiment (test). 
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The following subsections contain a discussion of the 

development of scaling parameters as well as a comparison of 

the range of these parameters expected in flight and ground 

test environments. 

4.1.1 Scaling Parameter Development 

When conducting tests with scale models, it is required 

that the physical phenomena be simulated so that the results 

may be applied with confidence to the full-scale conditions. 

Obviously, exact duplication of all physical parameters can be 

achieved only with full-scale testing, if at all. Exact dupli- 

cation of all relevant similarity parameters in a scaled test 

would also ensure duplication of full-scale physical phenomena 

and the applicability of the results. This is, however, impos- 

sible in the case under consideration because of the complex 

nature of the problem and the number of variables involved. 

Thus it is necessary in practice to base scaling variables on 

duplication of the similarity parameters associated with those 

physical phenomena felt to be dominant, while additionally run- 

ning extremes of test conditions to generate data that will be 

useful in case the selection of similarity parameters was not 

optimum. 

Development of the scaling parameters was accomplished by 

two independent methods. The first method was the normaliza- 

tion of the governing differential equations that comprise the 
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mathematical model of an actively pressurized, draining cylin- 

drical tank, with side and bottom heating, no ullage inter- 

action, and a turbulent free-convection boundary layer. The 

second method used was a dimensional analysis of the model used 

in the normalization procedure. The details of these analyses 

are presented in Appendix A. The ten scaling parameters de- 

veloped in the normalizat5on and dimensional analysis proce- 

dures are listed below: 

Nl = ;o 

N2 ryt 

HO 
2 

T-Ti 
N3 = T -T 

s i 

. 

N6 =p$=Re 

4 
N7 = gpq H w 2 - Gr* 

kvL 

qbD2 
N8 = - w cp (Ts-T,) 

I 

D 62 
N4 = ;; N9 = 

0 gP2D4H 0 

- Fr 

qb 
N5 = q, 

N10 - ?$i - Pr 

Nl’ N2, N3 are nondimensional distance, time, and tempera- 

ture, respectively. N4 involves geometric similarity. N5 is a 

relationship between heat inputs reaching the stratified layer 

and heat inputs deposited in the bulk. N6 is a Reynolds number 

where the characteristic velocity is the surface velocity of the 
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draining tank (V = G/pD2). N7 is the modified Grashof number, im- 

portant to free-convection flow. Ng relates to nondimensional bulk 

temperature rise. Ng is the Froude number and is important to tank 

out-flow conditions. NlC is the Prandtl number of the liquid. 

4.1.2 Comparison of Scaling Parameters 

The scaling parameters and, hence, the test conditions 

must be varied over as wide a range as possible since both RNS 

tank geometry and engine operating parameters are subject to 

future change. The comparisons discussed in this subsection 

are based on the RNS variables presented in Table 4-l. The 15' 

conical bottom single tank and the propulsion tank of the 

modular conftguration were chosen as typical tanks to illus- 

trate the scaling parameters ranges avatlable in the PHT. The 

PHT tank diameter, liquid height, and drain rate variables con- 

tained in this table are based on Ho/D and Reynolds number con- 

siderations and are nominal values. 

Scaling groups Nl, N2, and N3 do not impose any design con- 

straints on the experiment. Indeed, they may be thought of . 

more as correlation parameters than strict scaling parameters. 

For example, in the case of temperature they simply indicate 

when and where comparable values between the RNS and the model 

can be found. 

N4 is a geometric constraint which was considered in the 

sizing of the tank. Nlo is a scaling condition met by using 
the same fluid, liquid hydrogen in this case. 
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Table 4-l 

COMPARISON OF VARIABLES 

I RNS I PHT I 

Variable 

Diameter (ft) 

Liquid Level (ft) 
Gravity Ratio Coast 

(g/g,) Fire 

Drain Rate 
(lb/set) 

Sidewall Heat 
Flux (Btu/sec-ft') 

Reactor Power (MW) 

8O 15O 
Conical Conical Hybrid Modular 

33 33 33/13* 14.5 

149 105 91121" -57 
10'5 -5 

0.1~~0.35 
10-5 10'5 

0.12-0.35 0.12-0.35 0.12-0.35 

91.6 91.6 91.6 91.6 

1.8 x 1O-5 1.8 x 1O'5 1.8 x 1O'5 1.8 x 1O-5 

1575 1575 1575 1575 

15O 
Conical Modular 

5.5 4.25 

17 17 

1.0 1.0 

15.3 11.8 

4.0 x 1o'5 4.0 x 10 -5 

O-10 O-10 

*Propellant/Propulsion 



Group N5 is the ratio of bottom-to-sidewall heat fluxes. 

A comparison of this parameter between the RNS and the test tank 

is shown in Figure 4-l. This scaling parameter is important in 

defining the method by which energy is transferred into the 

tank. The bottom heat flux, qb, accounts for all energy passing 

through the bottom of the tank. This includes the nuclear 

energy deposited both in the tank wall and directly in the 

liquid hydrogen. In addition, N5 may be used to indicate how 

much energy goes into the boundary layer relative to that which 

goes into the core. High core heating may cause bulk mixing 

and therefore reduce stratification. 

The Reynolds number, N6, represents the relationship be- 

tween the inertia and viscous forces which influence both the 

free-convection and forced-convection boundary-layer charac- 

teristics. The forced-convection boundary layer is caused by 

draining the tank. 

Figure 4-2 indicates how Reynolds number for the PHT tank 

compares with that for the RNS. 

The modified Grashof number Gr*, N7, is a ratio of the 

buoyant and viscous forces. These forces govern the natural 

convection process for a constant wall-heat-flux condition. 

Because of the fourth power dependence on H, a small-scale tank 

would require a large increase in sidewall heat flux to dupli- 

cate the full-scale Gr* if the same fluid is used. These high 

4-6 



lo6 

lo5 

loo 

1 RNS 
PHT 

Figure 4-l Bottom-to-Sidewall Heat-Flux 
Ratio 

lo8 

lo7 

lo6 

lo5 

10 4 

lo3 

1 RNS 

PHT 

Figure 4-2 Reynolds Number 



heat fluxes would cause boiling and change the fluid dynamic as 

well as thermodynamic nature of the problem. Therefore, it is 

not possible to duplicate the Gr* exactly. It has been found 

experimentally, however, that it is necessary only that the 

boundary layer be similar in basic nature, that is, either tur- 

bulent or laminar. Figure 4-3 shows that a turbulent boundary 

layer is to be expected in both the PHT tank and RNS. 

Figure 4-4 shows a comparison of the parameter Ng, the 

Froude number, which indicates the relation between inertial 

and gravitational forces that govern the free-surface and drain- 

ing conditions. This parameter is of interest for matching RNS 

and PHT tank suction dip characteristics. 

Nondimensional parameters, other than those derived above, 

could well be important to drain-temperature profiles. The 

quantities of energy deposited in the bottom tank wall, in the 

internal structural arrangements near the bottom, and in the 

LH2 near the drain suggest the possibility that some energy may 

be carried out the drain line before it can mix with the bulk 

fluid. This could alter drain-temperature profiles and, thus, 

fuel residuals. In this connection, in addition to the Froude 

number previously mentioned, the spatial distribution of the 

heating would also be important. However, it is felt that 

without further experimental insight, it is not justifiable to 

develop additional scaling parameters at this time. 

4-8 



I 1 L 



4.2 Propellant Heating Test Analytical Studies 

The analytical work performed in investigating the PHT con- 

sisted of test tank selection and facility compatability 

studies, determination of nuclear and ambient heating rates, 

calculation of typical drain-temperature profiles for various 

test conditions, an investigation of the stratification and de- 

stratification test conditions obtainable, and a definition of 

the pressurization and ullage behavior of the test tank. 

Analyses performed in Section III indicated that for the 

particular stage operating assumptions used, the EOI burn is 

the most critical from the fluid dynamic and thermodynamic 

stand--point. This is especially true when operating in the mal- 

function (single pump) mode. For this reason the stage operat- 

ing conditions of the EOI mission segment were chosen as a 

representative set of test conditions in determining the PHT 

characteristics. 

4.2.1 Tank Selection 

Preliminary sizing studies for the test tank and facility 

were conducted to determine the feasibility of modeling any one 

of the four baseline RNS configurations in the Fort Worth opera- 

tion's Aerospace Systems Test Reactor (ASTR) facility. The 

results indicate that based on both the scaling parameters 

developed in Sec. 4,l and the physical constraints, all four 

baseline RNS configurations can be adequately modeled in the 
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ASTR facility. Schematics of the test tank setup in the ASTR 

facility for round bottoms and conical bottom tanks are shown 

in Figures 4-5 and 4-6, respectively, The 1600in.-diameter, 

253-in.-high propulsion tank of the Class 1 hybrid was selected 

for study, This tank has several advantages, one of which is 

that it represents a typical RNS configuration. A schematic of 

this tank in the ASTR facility is shown in Figure 4-7. 

The test tank will be of a dewar-type (double wall with 

vacuum) construction, Auxiliary heaters will be located on the 

exterior of the inner tank. These heaters will allow heat leaks 

and different wall heating profiles to be simulated. Propellant 

fill and drain lines and pressurant lines will be located and 

sized as dictated by the RNS design. For purposes of analysis, 

the inner tank material was assumed to be aluminum with the 

forward and aft bulkheads being 0.030 in. thick and the 

cylinder 0.055 in. thick. 

4.2.2 Heating Rates 

To determine the thermodynamic state of the propellant and 

fluid dynamic effects caused by free convection it is necessary 

to know the amount of energy in and transferred to the liquid 

hydrogen and ullage by nuclear and ambient heating. The heat- 

ing rates due to these sources for the test configuration shown 

in Figure 4-7 are discussed in the following subsections. 
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4.2.2.1 Nuclear Heating 

Details of the method of calculation of the nuclear energy 

deposited in liquid hydrogen and the tank wall are discussed in 

Section II. The resulting nuclear heating rates are discussed 

in Subsection 2.2.5 and are shown in plotted form in Figure 

2.13. The data presented show that the bulk heating is pre- 

dicted to be 538 watts/MW, or at the full-power rating of the 

AST'R (10 MM) 5,380 watts. This compares favorably with the 

6230 watts predicted for the flight configuration of the 

1575~MW NERVA. The wall heating is predicted to be 12.4 

watts/W, or 124 watts at 10 MM. The corresponding heating 

rate of the flight configuration is 137 watts. 

The heating rates can be, of course, varied over a wide 

range by running the reactor at different power levels. The 

bulk and wall heating rates can be'increased over the values 

mentioned above by different methods. The bulk heating can be 

increased by decreasing the size of the tank from full size to 

some smaller scale and adjusting the "window" on the ASTR so 

as to deposit the majority of the nuclear radiation within the 

tank, The wall heating can be increased by increasing the wall 

thickness or by coating the wall wfth a radfation absorbing 

material. 
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4.2.2.2 Ambient Heating 

The baseline value for the sidewall heat leak used in the 

PHT analytical predictions is 1.8 x 10s5 Btu/ft2-sec. Since the 

design of the test tank will provide a means of varying the 

sidewall heating, additional values of 4, 9, and 18 x 10s5 Btu/ 

ft2-set were also used in the analytical studies. Penetration 

heat leaks were not studied because the computer codes (AG4 and 

RIO) used for analyzing the tank thermodynamic and fluid 

dynamics are not capable of predicting the effects of point 

heat leaks. 

4.2.3 Drain Temperatures 

In order to have a consistent base from which to evaluate 

the drain-temperature profiles of the various test conditions, 

the following assumption were made: 

1. Propellant settled at start of drain. 

2. Propellant and ullage in thermal equilibrium at 
vent pressure at start of drain. 

3. Drain rate reached instantaneously at start of drain. 

4. Pressurant gas (GH2) at a constant temperature of 
230OR. 

5. Wall and bulk nuclear heating instantaneous at 
start of drain. 

As can be seen in Tables 4-2 and 4-3, drain temperatures 

were calculated for a wide range of test conditions. The 

results of the drain temperature and pressurant requirement 

studies are discussed in the following subsections. 
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RUN 
NO. 

1 I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 : 

DRAIN AMBIENT ULLAGE PRESS. REACTOR 
RATE WALL HEATING (PSI4 POWER 
(lb/set) (Btu/ft2-secxlO5) VENT - RUN (W 

91.6 
91.6 
91.6 
59.5 
59.5 
59.5 
91.6 
91.6 
91.6 
59.5 
59.5 
59.5 
30.0 
30.0 
30.0 
91.6 
59.5 
30.0 
30.0 
30.0 
15.0 
15.0 
15.0 
91.6 
91.6 
59.5 
59.5 
59.5 
91.6 
30.0 
15.0 

24-26.2 

I 
24-26.2 
24-30 

4.0 
9.0 
1.8 
4.0 
9.0 
4.0 

E 
9:o 

18.0 

1 
18.0 

24-30 
14.7-16.9 
14.7-16.9 
14.7-16.9 
24-26.2 

24-26.2 
1 
10 

Table 4-2 

TEST CONDITIONS STUDIED 
USING CODE RIO 
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Table 4-3 

TEST CONDITIONS STUDIED 
USING CODEAG4 

DRAIN 
RATE 
(lb/seek 

91.6 

59.5 

30.0 

91.6 

59.5 

30.0 

AMBIENT 
WALL HEATING 

(Btu/ft2-set x 10') 

1.8 

1.8 

ULLAGE PRESS. REACTOR 
@SW POWER 

VENT - RUN (Mw) 

24-26.2 

24-26.2 

24-26.2 

14.7-16.9 

14.7-16.9 

14.7-16.9 
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4.2.3.1 Drain Rate Effects 

The total amount of nuclear energy deposited in the liquid 

hydrogen and in the tank wall is a function of time. Therefore, 

the lower the flow rate the greater the rise in drain tempera- 

ture will be. Figures 4-8 through 4-11 show the drain tempera- 

ture rise calculated using code RIO for drain rates of 91.6, 

59.5, 30, and 15 lbjsec respectively, The test conditions for 

these runs were: reactor power 10 MM, run pressure 30 psia, 

wall heating 1.8 x loo5 Btu/ft2-sec. 

The temperature rise evaluated just prior to complete 

drain varies from a low of O.l"R at 91.6 lb/set to high of 

O.S"R at 15 lb/set. These temperature rises are probably as 

low as can be expected since the drain temperature rise would 

be much greater if the tank were not vented prior to drain, 

that is, if nonequilibrium conditions (stratification) extsted 

at the start of pressurization and drain. Also the nuclear 

heating of internal structure such as slosh and antivortex 

baffles as well as propellant retention screens would also tend 

to increase the drain temperature. 

It is interesting to compare the PHT drain temperature 

predictions shown in Figures 4-8 and 4-9 wtth those predicted 

for the RNS flight case under identical stage operating param- 

eters as given in Figures 3-14 and 3-15, respectively, The 

profiles are identical in shape and are for all practical 

4-19 

-~ .-.--------- ---_-__-- ~.-. .--- . 



8” _..........;j 
2 _.......,.. i I _._ - - . . . . . , . 4 ’ / i A- - - . . . . . , . . 1 6 -- ----.- - . . . . , : : I - -- -- - . . . . . . i i. - c 

--.-.-.A . . . . . + .f -I.. 

i I 
I ;- I ? i .-- + .i. -I I.. 

-- - . - . . * . C.--i 

/ 

/ 
-I- .- 

i 
--I-. 

, -- 
I 

, , . . . . . 
i i i , . . . . . 
i 4 i . . . . . . 

- -. 1 -t-’ c  

,-. ~. f’ .- 

- 

f /q& 

I-T--+ 

i ,  

! I i I 

-- _-- - --- _L__---.* - - ---. --- - .h 

- . -  

- . -  

-  . I -  

Figure 4-8 PHT Drain Temperature Profile For 91.6 lb/set 
I Drain Rate 

4-20 

_.. -._ 
_-- . .*- 
- *___ - 

-l-i- 
I -+ 
y-j- 
_I -./--4.- 
1’ -*- -. 

-* . . . 

-L. . . 

-_-.. . 

-- * .-- 
. -. 
-.- . . 
. . . 
_.. . 
. . . 
. . . 

I 
112.00. 

-_-.--- _____ .._ _-._ __ ._.__ _ .- - 
- 



-‘-+--- ..- - .. 

4 --i-- -* * 

-w 

- _- 
ii& L&-l - & . 

‘+.A - . . . . 
& / t , !-.++- -. . -- . 

.-__tu _A__ . - .A -.* 
f; ’ / .._-* . -C-----.------L -. - -. - - --- 

8 --* . * 
__ .__--_ - - - - 

-_ - . . . . . - __-._ _ _-. - 
_ -. -._ 

8 -1 I 1 
0 .ooo !iQ.om w.om 

.' 

--~- __.^ . _ . -... _ -. -. --- _.- .- -. -. - - ~- . .- . -..- -.- 
.--.*..-.- _._.. :)’ - 
- ..* .._L .., _~. 

--. -- 1 ---1 ---l-- 1 - 1 1 
. ._ 

tio.mo 80.000 3m.ooo 1zo.om 1rt0.ooo 160.00 
T IME I SECONIS~ 

Figure 4-g PfiT Drain Temperature Profile For 5415 lb/set Drain Rate 

4-21 



--i-L--l--i--t ..- J 
/ 

e --- -.----_L ---._I _._ .- --. * - - .- ----.-- -.. . I . -.. _~ - ---.-_-- ..- - 
l3-‘., Llm--~ - Lloo I I I ~ -.l---- .f ___ 

i20.000 160.llm zm.ma 2w.000 zawm 3zo.a . T I ME [ SECONOSI 
Figure 4-10 PHT Drain Temperature Profile For 30 lb/set Drain Rate 

4-22 



PHI’ 
RUN 

. 
, , 

. 
. 
. 

. 

. 

. . 

. . 

. . 

. , 
. 

. . 
- - 
. . 

NARF 
21RN 

. 

. 

. 

. . . . 
. . . 

. . . 

. . 

. . . . 

. . . . 
. . 

. . . 
* :. 
. . 

I 
Lo.000 

I 
.a00 160.000 :YO.000 

1 1 I I I 1160.000 660.000 6’4O.C 

Figure 4-11 PHT Drain Temperature Profile For 15 lb/set Drain Rate 

4-23 



considerations identical in time-temperature. This indicates 

that the RNS propulsion tank(s) drain-temperature profiles can 

be simulated in the PHT facility. 

4.2.3.2 Reactor Power Effects 

The effect of reactor power level on the drain-temperature 

profile is similar to that of drain rate - the higher the 

reactor power the greater the temperature rise. This effect 

for a drain rate of 59.5 lb/set is shown in Figure 4-12. The 

temperature rise for all power levels is fairly small; the 

1 MW reactor power case could not be accurately measured. At 

reactor powers of 5 MW or greater (for this test tank configura- 

tion) accurate drain-temperature profiles could be obtained. 

As was discussed earlier, a smaller tank would yield greater 

temperature rises. 

4.2.3.3 Sidewall Heating Effects 

The sidewall heating was varied from a low of 1.8 x lOa 

to a high of 18 x 10B5 Btu/ft2-sec. The effect on the drain- 

temperature profile over this range was found to be nil. In 

fact, the two drain-temperature profiles were identical for all 

practical purposes. While these results indicate that within 

the range studied sidewall heating has little effect during drain, 

the effect on long-term storage tank thermodynamics can not be 

neglected. 
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Figure 4-12 Effect of Reactor Power on PHT Drain Temperature Profile 
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4.2.3.4 Computational Effects on Drain Temperatures 

The temperature profiles predicted by the two computer 

codes used in this study were found to be different for identi- 

cal input. The drain-temperature profiles calculated by RIO 

and AG4 for identical conditions are shown in Figure 4-13. The 

AG4 profile shows an initial rise in temperature followed by a 

fairly flat section and then a sharp rise near the end of the 

drain period. The RIO profile shows a fairly steady rise that 

accelerates near the end of drain. The significance of the 

profile shape is in the prediction of the amount of residuals 

that might occur if a complete drain were necessary. In 

general, code AG4 would predict lower residuals. 

4.2.4 Pressurant Requirements 

The pressurant requirements were predicted for three flow 

rates and two vent/run pressure schedules. The flow rates were 

91.6, 59.5, and 30 lb/set and the vent/run pressures were 

24/26.2 psia and 14.7/16.9 psia. The results are shown in 

Figures 4-14 and 4-15. 

The data in these figures show that the total pressurant 

mass required is not a strong function of either flow rate or 

pressure level. The requirements for all six runs vary from 

about 170 lb to 190 lb. The pressurant flow rates, of course, 

vary directly with drain rate as can be seen by comparing the 

shape of the plots down in Figures 4-14 and 4-15. 
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Figure 4-13 Comparison of Drain Temperature Profiles Calculated 
By Computer Codes RIO and AC4 
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4.2.5 Stratification and Destratification 

Liquid hydrogen stored for long periods of time will depart 

from thermodynamic equilibrium due to thermal stratification. 

This will occur even under conditions of low acceleration and 

low sidewall heating. The impact of this phenomenon on 

tank design is that the pressure existing in a locked-up tank 

is dependent on the highest temperature of the fluid in the tank. 

A l"R temperature inequilibrium corresponds to a pressure rise 

of about 3 psi. Because tank weights depend on design pres- 

sures, methods to reduce or eliminate stratification hold 

promise of significant weight savings. Recent investigations 

(Ref. 15) of various destratification devices has shown the jet 

mixing concept to be promising. The PHT test provides an excel- 

lent opportunity to extend the experimental investigations of 

this destratification techniques to a large tank. 

4.2.5.1 Stratification 

Thermal stratification can be either passive or active, 

Natural heating effects can cause a temperature stratification 

to develop. Passive stratification can arise from the flow of 

heated liquid along the tank wall in a free-convection mode, 

resulting in the frrmation of a heated fluid layer at the 

ullage-liquid interface; also, high ullage heating can increase 

tank pressure and the surface temperature of the liquid. 

Active stratification results when a tank is pressurized. 

4-30 



Before stage firing, the tank is pressurized to collapse 

bubbles and to put bulk liquid in a subcooled state to satisfy 

pump NPSP requirements. Upon pressurization, the liquid at the 

interface immediately rises to the saturation temperature cor- 

responding to the applied pressure. 

Calculations of the PHT stratification based on techniques 

presented in Reference 14 indicate that passive stratificatton 

levels of 0.2O to 50R may be expected over the range of side- 

wall heating rates possible. 

In general the passive stratification in the PHT will be 

characterized by fairly small temperature rises and large 

stratified layer depths. Therefore, experimentally, accurate 

temperature measurements will be necessary for valid stratifi- 

cation data. 

Active stratification resulting from active tank pressuri- 

zation during drain was predicted using code RIO. The results 

indicate that a very sharp temperature gradient can develop 

during drain. The stratified layer growth rates are low enough 

that the temperature profile in the layer(s) can be determined 

as it passes a fixed temperature sensor. The sensor should be 

capable of response to temperature changes of the order of 

50°R/sec for the highest drain rate (91.6 lb/set) and 54i/sec 

for a drain rate of 15 lb/set. 
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4.2.5.2 Destratification 

The destratification requirements for the PHT using an 

axial jet were predicted using the techniques described in 

Reference 15. The results of the study indicate that the maxi- 

mum pump flow required is about 2 lb/set and the maximum fluid 

power is less than 5 watts. These results are similar to those 

predicted previously (Ref. 1). 

It should be noted that since the use of the destratifica- 

tion pump during drain is expected to increase pressurization 

requirements, PHT data should be collected on this effect. 

4.2.6 Pressurization and Ullage 

Although there is a wealth of information available on 

pressurization phenomena, the Propellant Heating Test offers an 

opportunity to provide, with relatively little expenditure of 

effort, some additional data regarding pressurant requirements 

and pressure behavior during active pressurization. In addi- 

tion, data can be obtained on the ullage parameters that effect 

ullage stratification and, therefore, self-pressurization. 

The effects of active pressurization and pressurization 

level on the tank thermodynamics and fluid dynamics have been 

previously discussed in Subsection 3.3.6 for the RNS and Sub- 

section 4.2.4 for the PHT, and thus are not included here. 
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4.3 Experimental Equipment 

The experimental configuration shown in Figure 4-7 and 

discussed in this section was designed to be compatible with 

the existing ASTR facility; it provides the necessary flexibi- 

lity for variation in nuclear and thermodynamic parameters. 

Some details of the facility construction such as the blast 

shield, thimble, and aluminum reactor window are presented. 

4.3.1 Reactor Facility 

The reactor facility, as described here, includes the ASTR 

and safety equipment for protection of the facility. The 

safety equipment includes the hydrogen-gas detection system, 

closed-circuit television monitoring systems, blast shields, 

and biological shields. The ASTR facility is shown in Figure 

4-16. 

4.3.1.1 The Aerospace Systems Test Reactor 

The ASTR is a self-contained, pressurized nuclear reactor 

located in a below-grade-level tank with the necessary appara- 

tus to position it in various attitudes. It is a heterogeneous, 

enriched, light-water moderated and cooled thermal reactor 

which operates over a design power range of 0 to 10 MW in sup- 

port of radiation effects testing and shielding experiments. 

The design is roughly that of a right-circular cylinder 76 in. 

in length and 34 in. in diameter. 
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The ASTR tank is 17.5 ft in diameter and 17 ft deep, 16.5 

ft of which is below grade level. The top of the tank is 

flanged to accept a variety of upper-tank configurations. One 

such ConfiguratIon is a short tank section that extends the top 

of the ASTR tank to a height of approximately 3 ft above grade. 

On one side of the reactor is a void, or "window," which 

provides a direct-beam path from the core to increase the flux 

avatlable from the reactor. Normally, the window on the ASTR 

consists of a water-tight air void constructed of sheet alumi- 

num. This void is to be replaced with a solid-aluminum window 

to provide additional protection for the reactor. 

A shi.eld constructed of 2-in.-thick steel slab will be in- 

serted between the ASTR and the test tank, for some tests, in 

order to increase the n/Y ratio of the radiation incident on 

the test tank. The shield can also be used as additional bio- 

logical protection for personnel if it becomes necessary to 

work near the bottom of the test tank during reactor shutdown 

periods. When the shield is not in use, it will be positioned 

near the wall of the ASTR Tank where it will not interfere with 

lowering or raising the reactor. 

4.3.1.2 BiologIcal Shield 

The biological shield consists of two parts called the 

facility shield and the water-tank shield (Fig. 4-7). It will 

serve two purposes: (1) to contain any conceivable blast that 
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could occur, and (2) reduce the radiation level around the 

facility. 

Facility Shield. The facility shield, or silo, is con- 

structed around the periphery of the ASTP tank as a 3-ft-thick 

cylindrical structure that is 19 ft high with an inner diameter 

of 26 ft. There are three penetrations in the silo: one door, 

12 ft wide and 10.5 ft high, and two 18-in.-i.d. pipes, The 

lowest point of these penetrations is 3 ft above grade so that 

the silo will have a leak-free volume greater than the volume 

of the PHT tank. 

When the door is closed it will be secured in place by 

four vertical hinge pins, one at each inside and outside edge. 

The size of these pins and the method of their attachment are 

such that the door will withstand the stress calculated for the 

maximum hypothetical hydrogen explosion. To open the door, 

three of the pins are removed, and the door, supported by a 

caster, pivots outward. 

An air duct connected to a 5,000-cfm blower will be routed 

through one of the 18-in. penetrations. This blower will be 

used to flush the volume around the lower portion of the hydro- 

gen tank. The other penetration will be used for the LH2 fill 

and drain line. All other lines and electrical leads to the 

test tank will be routed over the top of the silo wall. 
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Safety devices incorporated in the silo include a CO2 fire 

extinguishing system and a water spray system. Plumbing for 

twelve CO2 exhaust nozzles and twelve water spray nozzles is 

embedded in the concrete near the top of the wall. Water and 

CO2 nozzles are placed alternately at equal spacings around the 

wall. The CO2 nozzles will be connected to dual banks of CO2 

bottles outside the silo. The water nozzles will be connected 

through a solenoid-operated pneumatic valve to a fire hydrant. 

Both systems will be operated from the control room. 

Water Shield Tank. The silo 2s covered by a water shfeld 

40 ft in diameter and 3.5 ft deep. The diameter of this shield 

is larger than that of the silo to prevent direct streaming of 

radiation from the silo. 

The water shield tank has a capacity of 32,850 gallons. 

Since this tank must be set aside when moving large test items 

into or out of the silo, the tank has a drain valve and a single- 

point-pickup lifting eye. 

The tank is supported 9 ft above the silo by legs resting 

in positioning holes in the top of the silo. The bottom of the 

tank is high enough (28 ft above grade) to accommodate the 

modular test tank. The 9-ft space between the silo and water 

shield tank will be open; thus, the silo will have a vent area 

of approximately 275 square feet. 
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4.3.1.3 Reactor Protection Shield 

A paramount consideration in all reactor test configura- 

tions is that the reactor must be protected against damage that 

could possibly result from an accident with the experiment. 

For the PHT, reactor protection will be provided by a structure 

called the spider webb (Fig. 4-17). This structure will phy- 

sically support the test tank with its associated plumbing. 

The design criteria were a static load of 18,000 lb and a 

safety factor of 2.5 times the static load. 

The main frame of the spider webb consists of steel I-beams 

arranged in a 12-ft square with a diagonal brace in each corner. 

The frame is supported above the 3-ft ASTR-tank extension by a 

12-ton jackscrew at each corner. Eight equally spaced I-beams 

are inclined downward and inward from the main frame and diago- 

nal braces to a 75-in.-diam bottom plate having a 32-in.-diam 

hole in the center. With the reactor raised to the irradiation 

position, this hole is directly over the reactor window. The 

eight inclined I-beams are laced with six equally spaced steel 

cables to form, in essence, a conical spider webb above the 

reactor. Materials used in construction of the spider webb are: 

Main frame I-beams: 12-in. x 12-in. WF 79, 1018 steel 
Inclined I-beams: 8-in. x 5%-in. WF20, 1018 steel 
Bottom plate: l%-in.-thick 1018 steel plate 
Lacing Cables: 5/8-in.-diam 18-8 stainless steel 
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Figure 4-17 Spider Web and Thimble 



4.3.1.4 Thimble 

The thimble is a conical-shaped water retainer which nests 

within the envelope of the spider webb vertical structure (Fig. 

4-13. The lower (small) end terminates at the opening in the 

circular base of the Webb. This location coincides with the 

aluminum void on the ASTR and provides the shortest flux leak- 

age path into the irradiation volume created by the thimble. 

The thimble is a water-tight welded aluminum structure 

supported by flanges at its upper (large) end which are secured 

to the spider webb upper structure. Adequate clearance between 

the thimble and the test tank is provided for all required 

liquid-hydrogen lines and instrumentation cables. 

The facility will be purged with air directed into the 

thimble around the test tank to ensure maximum air flow in the 

vicinity of the tank penetration. This purge is to assist in 

diffusion and dilution of any hydrogen should leaks occur in 

this area. 

4.3.1.5 Hydrogen-Gas Detection System 

In the event a leak should develop during the irradiation 

phase of an experiment, it will be detected by a General Moni- 

tor's Gas Detection System. This system contains fifteen in- 

dividual channels each of which is calibrated to provide a 

visual and audible alarm should the concentration of hydrogen 

reach 10% of the lower explosive limit (LEL). 
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The sensing heads will be placed at those locations where 

a leak would most likely occur and at locations where escaping 

hydrogen gas could possibly accumulate. Typical locations would 

be at liquid-line and valve fittings, pumps, shroud-purge flow 

exits, and system exhaust plumbing. Provisions for sampling 

the test tank exhaust gas will be provided to verify the absence 

of hydrogen after the completion of the emptying and purge 

cycle. Detectors will be located at the upper portion of the 

silo, where the silo purge air will be exhausted, Redundant 

detectors will be utilized at critical points. 

4.3.1.6 Facility-Television Monitoring System 

Area and test equipment surveillance will be accomplished 

by closed-circuit television. Six remotely operable cameras 

complete with pan and tilt capabilities will be utilized. 

Three cameras will be mounted within the silo and three exter- 

nal to the silo. 

Specific items to be viewed by the external cameras will 

be the hydrogen supply tank, the gas distribution and supply 

network, and the liquid hydrogen pump and flow control valves. 

The areas adjacent to these items, including the silo exterior 

and the gaseous hydrogen exhaust system, will also be scanned 

by the cameras. Their placement will be such as to allow 

overlapping coverage, where feasible, to provide maximum re- 

dundancy. 
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The cameras located within the silo will be placed for 

maximum overlapping coverage of the tank, fittings, and test 

structure, 

The camera control system allows instantaneous selection 

of any three cameras for visual monitoring. The monitors are 

located in the Radiation Effects Control Console within the 

control room. Backup monitors located in the Reactors Consoles 

can simultaneously monitor any camera being monitored at the 

other console. 

Any camera can be selected for recording on video tape. 

During irradiations and/or liquid-hydrogen operations, one of 

the cameras inside the silo will be continuously recorded. 

4.3,2 Instrumentation 

The instrumentation for the PHT must fulfill the objective 

of providing data for use in evaluating the computer codes used 

in predicting the drain-temperature profiles (Sec. IV), This 

requirement establishes the number and location of measurements 

and their accuracy for radiation levels, tank.pressure, fluid 

temperature, flow rate, and level, The following sections present 

short discussions on these measurements, 

4,3,2,1 Nuclear Measurements 

Nuclear measurements are required inside and outside of 

the hydrogen tank for purposes of determining the radiation 

intensity at the bottom of the tank, in the liquid hydrogen, and 
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around the tank, and for monitoring reactor power level. 

Measurement of the radiation incident on the hydrogen tank and 

the distribution of radiation levels within the liquid hydrogen 

are necessary to the analysis of the experimental results since 

they will provide the nuclear-heating profiles required as input 

to the thermodynamic calculational procedures. The nuclear 

measurements will also be used in the evaluation of the pro- 

cedures for calculating the radiation attenuation and energy- 

deposition rates in hydrogen. The results of the detailed 

study presented in FZK-350 (Ref. 1) were analyzed and found to 

be still valid for this test. That report should be consulted 

for a complete discussion of the measurement procedures. 

4.3.2.2 Thermodynamic and Fluid Dynamic Measurements 

The different measurements necessary for the experimental 

analysis of propellant heating include pressure, temperature, 

flow, and liquid level. The techniques of measurement selected 

and analyzed in the previous study (Ref. 1) have been reviewed 

as to their desired accuracy and range. It was found that in 

general all data are still valid although slight changes will 

have to be made when a final PHT tank configuration is chosen. 

4.3.2.3 Visual Coverage 

The television and photographic coverage requirements in- 

cluding tank lighting determined in the previous design effort 

were reviewed. It was found that the present PHT facility 
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would impose no additional or more sever requirements than those 

given in Reference 1. A typical man-hole-cover mounted camera 

arrangement is shown in Figure 4-18. 

4.3.2.4 Data-Acquisition System 

Temperature measurements associated with the fill, drain, 

and stratification portions of the test require that the data- 

acquisition system have a high repetition rate so that each 

measurement can be repeated at least twice per second. The 

number of measurements and their accuracy dictates that the 

system be digital; this will also allow direct reduction of the 

data by use of the IBM 360 computer. 

Based on these considerations and others, the following 

requirements for a data-acquisition system have been established: 

Type of system: Digital 
Minimum No. of Channels: 120 
Minimum Speed: 200 channels/set 
Display per channel (or per sweep): Time, channel ID, 

four decimal digits, polarity sign 
Inputs: Low-level dc analog signals from unbalanced 

bridges and thermocouples 
Sensitivity: 0.5 microvolt 
output: Digital on magnetic tape (compatible with 360 

computer) 

At the present time, the NARF facility at General Dynamics 

does not have a system which meets all these requirements. One 

system which meets all these requirements is made by Trans Sonics 

and has been delivered to MSFC. It is a 120-channel digital 

system with a speed of 20 complete sweeps through the 120 channels 
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Figure 4-18 Camera Angle for Typical PHT Tank 

Point of Focus 
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in one second. Its present sensitivity is 5 microvolts, but 

modifications could increase the sensitivity to 0.5 microvolts; 

this would make it acceptable for use with thermocouples. It is 

a noise-free system which could easily be put into use for this 

test. 

Visual monitors and auxiliary test equipment for other 

measurements will be furnished by General Dynamics. 

4.4 Test Plan Synthesis 

The test objectives and the various thermodynamic, fluid 

dynamic, and nuclear criteria that must be considered in the 

synthesis of a test plan are discussed below. Since four dif- 

ferent RNS configurations are still being considered, no defini- 

tive test plan was formulated at this time. 

4.4.1 Test Ob.jectives 

The primary objectives of the test are (1) to provide data 

that can be used to increase the confidence in the analytical 

techniques used to predict nuclear-energy deposition and the 

fluid thermodynamic effects resulting from the combined environ- 

ments of ambient and nuclear heating, and (2) to provide data 

for design application through simulation and/or parametric 

testing. 

The experiment being considered will not only fulfill the 

above objectives, but also will take maximum advantage of the test 
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facility capabilities and test sequencing to provide a maximum 

amount of data in a minimum number of runs0 These data include, 

for inatamce, effects of pressurant gas and pressurant-gas tem- 

perature on stratification and pressurant-gas requirements, de- 

stratification parameters during both drain and non-drain periods, 

amd the effect of nuclear heating on stratification under non- 

draim comditions as well as boundary-layer effects undex similar 

conditions, In addition,data on the effect of internal structure 

on propellant heating and stratification will be provided for, 

4.4,2 >eria 

Based on the work accomplished, thermodynamic design cri- 

teria have been established for this experiment which, when 

applied along with the geometric similitude constraints, will 

yield a test plan designed to provide the maximum amount of 

applicable thermodynamic and fluid dynamic data, The primary 

criteria affecting the design of the test plan are: (1) the 

baseline or initial conditions for the test runs, for example, 

the bottom-to-side wall heat-flux ratio, (2) the range of varia- 

bles required for design and simulation of a RNS, and (3) the 

range of variables required for evaluating the computer codes 

such as flow rate, nuclear heating, ambient heating, internal 

structure, etc, 

The range of the important RNS and PHT simulation para- 

meters were shown in Figures 4-l through 4-4, An experiment 
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design based on these parameters will be capable of providing 

the design data required for any of the RNS configurations and 

missions now being considered. 

4.4.3 Nuclear Criteria 

The nuclear criteria for the experiment are to (1) obtain 

data for the verification of computer procedures for calculating 

radiation attenuation and energy deposition in liquid hydrogen, 

and (2) simulate the nuclear environment of the NERVA to allow 

application of the experimental data to the design of RNS. Meas- 

urement of the radiation leaving the reactor and of the radiation 

incident on the test tank bottom will be made to determine the 

radiation source term for input to the computer procedures. The 

neutron flux and gamma-ray dose distributions inside the test 

tank will be measured for determination of the attenuation due 

to the liquid hydrogen. These data will also be used to calcu- 

late energy-deposition rates and, profiles within the hydrogen. 

The bulk energy input into the tank and hydrogen will be deter- 

mined with boiXoff and self-pressurization measurements. These 

data will be a check on the nuclear-energy deposition rates de- 

termined from the nuclear radiation maps. 



V. FLOW VISUALIZATION EXPERIMENT 

A qualitative study of the fluid motion resulting from 

bottom and sidewall heat shorts was conducted for a conical 

bottom tank configuration using a schlieren flow visualization 

technique. The test equipment and results are discussed in 

the following subsections. 

5.1 Test Equipment 

The test equipment consisted of a single pass schlieren 

optical system and a clear plastic test tank. The test fluid, 

n-butyl alcohol, was chosen on the basis of its optical and 

thermophysical properties as well as its chemical compatibility 

with the plastic test tank. 

5.1.1 Optical Arrangement 

A schematic of the optical system used in the study is 

shown in Figure 5-l. The field of view of the system was a 

circular area 4 inches in diameter. This area was set by the lens 

diameter of the laser collimator (beam expander). 

The image was recorded on film using a studio camera with 

the lens removed, thus allowing the image to fall directly 

on the film. The exposure time was controlled by the auto- 

matically timed and actuated camera shutter system. 

The film used was Polaroid Type 52 (ASA 400). Exposure 

times with this film ranged from l/10 to l/50 second. 
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Figure 5-l Optical Arrangement for Single-Pass Schlieren Photograph 



5.1.2 Test Tank 

A side view of the two-dimensional test tank used is shown 

in Figure 5-2. Tank side walls are l-inch apart and are of 

l/16 in.-thick material. 

The tank was constructed from cast acrylic. This material 

was used because it has good optical properties and is relatively 

easy to fabricate. The heat shorts consisted of two 3/16-in. 

brass bolts on the left side and one l/4-in. copper tube on the 

right side of the conical sidewalls. The drain heat short was 

simulated by a l/4-in. copper tube located in the middle of the 

tank bottom. Heat to the ends of the heat shorts were provided 

by electrical resistance wires. 

5.2 Test Results 

Approximately 12 hours of tests were conducted during which 

the fluid motion resulting from various combinations of heat 

transfer through the heat shorts was observed. Unfortunately, 

on the day selected for photographing these phenomena the laser 

tube stopped functioning and only three photographs were ob- 

tained. Additional photographs were not made because replace- 

ment of the laser tube was not possible within the time and cost 

constraints of the program. 

Figures 5-3 and 5-4 show the fluid motion in the test tank 

under different heat leak conditions. In both cases the drain 
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(a) Time After Start of Heating: 30 Set 

(b) Time After Start of Heating: 90 Set 

Figure 5-3 Schlieren Photographs Showing Flow Patterns 
Resulting from Major Drain Line Heating and 
Minor Nonuniform Heat Short Heating 
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Time After Start of Heating: 90 Set 

Figure 5-4 Schlieren Photograph Showing Flow Pattern 
Resulting from Minor Drain Line Heating and 
Major Nonuniform Heat Short Heating 
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line and sidewall heat shorts were the only source of heating, 

i.e. 9 no sidewall or bulk (source) heating was present. 

Figure 5-3 shows the formation of the fluid motion caused 

by a combination of drain pipe bottom heating and sidewall heat 

short heating and cooling. Fluid patterns photographed at two 

time intervals, namely, 30 and 90 seconds from the start of 

heating, are shown. For this case, the dominant feature of the 

fluid motion is caused by the drain line bottom heating -- a 

type of heating that could occur in a full-scale tank if the 

thermodynamic vent system failed to operate properly and did 

not absorb the heat flowing from the warm exterior components 

through the drain line to the liquid hydrogen. The fluid 

motion for this type of heating is characterized by a column of 

warm fluid flowing up the centerline of the tank. This column 

dissipates as it rises giving up its energy to the cooler sur- 

rounding bulk fluid. When it reaches the top, it starts forming 

a stratified layer. At later times as it reaches the stratified 

layer, it is deflected and dissipated adding to the stratified 

layer, The motion of the column as well as the deflection at 

the top was of an oscillatory nature, 

sity change in the bulk fluid created 

moving up through it, The drain line 

to be about 15 Btu/h-ino2, 

One can also see the den- 

by the warm column of fluid 

heat flux was calculated 
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Also shown in this figure are the fluid motion effects of 

nonuniform heating or cooling of the liquid by the heat shorts 

located in the sidewalls of the conical portion of the tank. 

The right side heat short is cool compared to the liquid and, 

therefore, is causing a very slight boundary layer to form and 

proceed downward along the wall toward the bottom of the tank. 

This can be seen most clearly in the photograph taken at 30 

seconds after start of heating. After 90 seconds, the bulk mo- 

tion has destroyed this weak boundary layer flow and it appears 

that some type of mixed flow is occurring near the right wall. 

The heat flux flowing from the tank at this location was estimated 
. 

2 to be less than 2 Btu/h-in. . The heat shorts in the left side of 

the conical portion of the tank were heated slightly during this 

run. The heat flux was estimated to be 5 Btu/h-in.2 for the 

uppermost heat short and 2 Btu/h-in.2 for the lower heat short. 

As was the case for the flow on the right side, the boundary- 

layer flow can be seen developing in a regular manner at 30 

seconds,while at 90 seconds the flow is irregular and bulk 

mixing seems to be destroying the boundary layer flow. 

Figure 5-4 shows the fluid motion resulting from very high 

heating on the right side heat short (30 Btu/h-in.2), slight 

cooling on the left side heat shorts (about 2 Btu/h-in.2), and 

drain line heating of 15 Btu/h-in.2. 
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The high heat flux on the right side creates a very large 

turbulent boundary layer flow starting at the heat short and 

proceeding almost vertically up to the stratified layer. The 

momentum of this boundary layer flow is very high compared to 

the momentum of the warm column of fluid rising from the drain 

line heat short. This fact can be ascertained by comparing the 

depth to which the stratified layer is penetrated by the two 

flows. When comparing the depth of the stratified layers in 

Figures 5-3 and 5-4, it is found that the depth in Figure 5-4 

is much greater. This is as it should be since much more energy 

is being added to the fluid through the heat shorts. 

The slight cooling effect of the left side heat shorts pro- 

duces a downward flowing boundary layer starting at the upper 

heat short location and flowing toward the bottom. This flow 

is similar to that shown in Figure 5-3 (left side heat short 

cooling). In the case at hand, however, the flow is much better 

defined after 90 seconds of heating than in the previous case 

(Fig. 5-3). This is probably caused by the general flow pattern 

within the tank being counterclockwise, that is, up the right 

side and down the left side. A good indication of this is the 

downward bulge of the stratified layer near the left sidewall. 

In summary, it appears that, under the conditions studied, 

heat shorts can create some bulk mixing, particularly if the 

short is on the tank centerline and at the bottom of the tank. 
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In general however, it seems that the dominant trait is to pro- 

duce a stratified layer, especially when the heat short is lo- 

cated in the sidewall. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

From the analysis of the fluid dynamic and thermo- 

dynamic phenomena of liquid hydrogen propellant in typical 

RNS configurations in conjunction with a re-evaluation of 

the test plan developed previously, it is concluded that: 

1. The rangesof the scaling groups obtainable 
in the PHT either encompass or extend over most 
of the range of the expected full-scale values 
of all RNS configurations studied (Figs. 4-l 
to 4-4). 

2. 

3. 

4. 

5. 

6. 

7. 

The wide range of conditions that can be 
obtained in the PHT will be significant in 
developing correlations from the test data. 

One of the more important groups that effect 
the fluid dynamic and thermodynamic phenomena 
(stratification) within the propellant tank 
is the bottom-to-sidewall heat-flux ratio. 

The bottom-to-sidewall heat-flux ratio can be 
varied in the PHT by using different reactor 
power levels. 

The range of bottom-to-sidewall heat-flux 
ratios for typical RNS configurations lies 
within the range obtainable in the PHT 
(Fig. 4-l), 

Both active and passive stratification under 
drain and nondrain conditions can be studied 
in the PHT. 

The effect that nuclear heating of the inter- 
nal structure has on the stratification is 
not well defined and must be studied further. 
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10. 

Since stratification under various conditions 
will already exist in the PHT, destratifi- 
cation experiments can be run with little additional 
effort. 

The drain-temperature profiles predicted using 
computer codes RIO and AG4 are different, and 
experimental data are required to further 
refine and reconcile the analytical computer 
codes(Fig. 4-13). 

Criteria for boundary-layer initiation and 
breakoff points are lacking and must be further 
developed before the fluid dynamics and thermo- 
dynamics of the RNS tanks can be accurately 
predicted, especially in tanks having conical 
bottoms with small cone half angles. 

6.2 Recommendations 

Based on the above conclusions it is recommended that: 

1. A PHT tank configuration be chosen and final 
design accomplished with purchase of long lead time 
items. 

2. The criteria for boundary-layer initiation and 
breakoff be studied and determined both ex- 
perimentally and analytically. These studies 
should as a minimum include wall angles and 
wall heat fluxes consistent with current RNS 
design parameters. 

3. A time-phased test plan be developed allowing 
for extended-parameter testing of non-nuclear 
tank-related variables (e.g., pressurization, 
heat shorts, vent pressures) followed by nuclear 
irradiation testing. 

4. Further studies be undertaken to define the 
effects that nuclear heating of internal struc- 
ture such as antivortex baffles, suction-dip 
devices, thermodynamic vent system components, 
and propellant retention screens has on the 
fluid dynamic and thermodynamic phenomena of 
the propellant, 
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APPENDIX A 

DIMENSIONAL ANALYSIS AND SIMILARITY 

A-l INTRODUCTION 

The fluid dynamic and thermodynamic behavior of the 

liquid-hydrogen propellant of a nuclear rocket vehicle 

before, during, and after engine firing is very complex as 

a result of the changing environment. Elements of this 

environment include propellant-heating due to ambient and 

nuclear sources, changes induced by tank venting and/or 

propellant mixing, and changes due to acceleration. A 

thorough understanding of the effects of these elements on 

the propellant is necessary before system operating char- 

acteristics can be accurately defined. 

Analytical techniques are available for predicting or 

estimating these effects (Reference 2-1 and 2-2). The results 

of these techniques, however, have never been validated 

experimentally- for large-size tanks. Since it is both 

difficult and expensive to do full-scale testing of either 

the single tank or the complete hybrid RNS configurations, 

ground test simulation employing the scale-model tests 

provides an excellent means for obtaining the required data. 

In the first part of this Appendix, the physical 

situation is described and the various physical phenomena 

A-l 



and the effect each has on the fluid dynamic and thermodyna- 

mic behavior of the propellant are discussed. Also included 

is a discussion of ground rules for the modeling analysis. 

In the second part, the modeling techniques used to derive 

the scaling groups necessary for simulation are presented 

and the physical significance of each group is discussed. 

A-2 DESCRIPTION OF PHYSICAL SITUATION 

The first step in performing a modeling analysis is to 

define the physical situation as accurately as possible. 

For the case at hand, this means a description of the nuclear 

rocket vehicle and the particular system to be considered. 

The pertinent physical phenomena can then be determined and 

the ground rules for the scale model established. 

A-2.1 NUCLEAR ROCKET VEHICLE - Typical RNS configurations 

are shown in the main body of this report (Figures 2-1 

through 2-4). Likewise the thermodynamic, fluid dynamic 

and geometric variables of the RNS configurations are given 

in Table 3-l. 

A-2.2 SYSTEM CONSIDERED - The system to be considered con- 

sists of a cylindrical tank with either hemispherical, ellip- 

tical, or conical ends. Liquid hydrogen is the pro- 

pellant. The event under consideration is that of stage 

firing during space flight. 
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A-2.3 PROPELLANT PHENOMENA - In the system being considered 

the liquid-hydrogen propellant is subjected to various drain 

rates and modes of heating and pressurization. 

During the coast phase of the mission, energy enters 

the propellant by conduction through the tank wall. This 

creates a natural-convection boundary layer in the liquid 

hydrogen along the tank wall. The boundary layer transports 

warm fluid to the top of the tank where it forms a strati- 

fied surface layer and, hence, an axial temperature gradient. 

The magnitude of this gradient is an indication of the de- 

viation from thermal equilibrium in the propellant. 

During engine firing the most significant phenomena 

occur in the lower portion of the tank, Close to the bottom, 

near the tank outlet, the forced-convection currents 

created by the draining fluid can be sufficiently strong 

to destroy the natural-convection boundary layer, If this 

were the only phenomenon occurring, it would stop the 

boundary-layer transport of warm fluid from the bottom of 

the tank. However, the tank wall heat flux will increase 

because of direct deposition of nuclear energy within the 

wall, and this will counter the effect of the forced-convec- 

tion currents. In addition, significant quantities of 

nuclear energy will also be deposited in the bulk fluid. 
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This will create a buoyant force in the bulk or core of the 

fluid, and this force will act counter to the inertia forces 

of the draining fluid. It is possible for these phenomena 

to create a temperature inversion wherein the fluid would 

be warm at the bottom, cool in the bulk,and warm at the top,, 

It is important to understand the above phenomena be- 

cause their effect on RNS system design is significant. 

For example, ff a large layer of warm propellant exists atthe 

time of firing and the vapor pressure corresponding to its 

temperature exceeds the net positive suction head require- 

ments of the pump., pumping action will stop when this fluid 

reaches the pump and the remaining propellant will be unused. 

Also, if stratification occurs during coast, the tank must 

be designed for higher pressures or be vented more fre- 

quently, 

A-2.4 MODELIJJG GROUND RULES - Exact duplication of all rele- 

vant system variables in a scaled test will ensure duplica- 

tion of full-scale physical phenomena and the applicability 

of the results, This is, however, impossible in the case 

under cons%deration because of the complex nature of the 

problem and the number of varfables involved. Thus it is 

necessary to base the modeling laws on duplication of 

scaling groups associated with those physical phenomena 

felt to be dominant. 
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Extremes of test conditfons should also be run to 

generate data that will be useful %n case the selection of 

the scaling groups is not optimum, This wide range of test 

conditions will ensure that the data will be applicable even 

if the configuration of the RNS is changed. 

A-3 MODELING TECHNIQUES 

One method of obtaining pertinent dimensionless para- 

meters is that of normalization of the equations governing 

the physical phenomena. This method is quite straightfor- 

ward but requires a valid mathematical model. To normalize 

the equations requires two steps: (1) make all variables 

nondimensional in terms of the appropriate scale of the 

problem and (2) divide through the equation by the coeffi- 

cient of one term to make the equation dimensionless, term 

by term. . 

A second method is dimensional analysis. This method 

is concerned with the manner in which the relationship 

between primary dimensions implies a relationship between 

the physical parameters ascribed to those dimensions. The 

Pi Theorem is a formal statement of the connection between 

a function expressed in terms of physical parameters and a 

related function expressed in terms of nondimensional 

groups (References 3 through 6), Given a relationship among 

m parameters, 
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fl (Qlo 429 Q3, OQ*O*S cl,) = 0 (1) 

an equivalent relationship can be expressed in terms of n 

nondimensional parameters 

f2 (n19192J3, aooooJ7n) = 0 

where n is given by 

n =m-k 

(2) 

(3) 

and k is the minimum number of primary dimensions, eog.9 

mass, length, time, and temperature, used to construct the 

original set of physical parameters. 

A-3.1 NORMALIZATION OF GOVERNING EQUATIONS - Normalization 

of the governing equations to develop a set of scaling 

parameters requires sufficient understanding of the physi- 

cal phenomena to write a valid mathematical model. 

A-3.1.1 Definition of Mathematical Model - A mathematical 

model of the problem at hand consists of the Navier-Stokes 

equation, the boundary-layer energy equation (both written 

in cylindrical coordinates), and an overall energy balance. 

The following assumptions are made: 

1. Changes in the 8 direction are negligible 

2. Only the liquid is considered 

3. Density is a function of temperature only 

4. Viscosity is constant. 

The following equations then result: 



Vertical Momentum 

p di: ( 
8u+lg+vg 

1 
-a+ y = -Pi2 ax ( 

as+%+- 3x2 a2u (4) dr2 1 
Radial Momentum 

( dV+-++a = dv 1 
dP 

( 
a2V 1av 

'dt 3x 
v + @z 

dr -E+p~~+rar-~ &2 1 (5) 

Energy 

aT -+ug+&g = cy g+,J&g$ at ( r 
(6) 

Continuity 

du+& = 0 
ax & 

(7) 

Overall Energy Balance 

& [MCp(T-Ti)] = (Iw AW + qb & 0 G Cp(T-Ti) 

Variation in Density 

P= PO [ I-- fl (T-T,)] 

(8) 

(9) 

A-3.1.2 Normalization Procedure - The normalization procedure 

will be demonstrated by use of the energy equation, with 

the work on the remaining equations performed in Section 

A-4. 

The normalization parameters used are given in Table 

A-l (p. A-20). Substituting these values into the energy 

equation yields 
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ay (T&i) Y %Ts-Ti) 
ae + 

Ho2 
,a + G(Ts-Ti) VaT = 

P D2 Ho arr P D3 af 

(10) 

Dividing through by G(Ts-Ti) 

P D3 
,the coefficient of v%, 

aF 
results in 

This equation yields three groups: 

(1) + 
0 

From the normalization of the momentum and overall energy 

equation and listing of the normalization parameters for 

the basic dimension length, time,and temperature, the di- 

mensionless Scaling groups in Table A-2 (p. A-21) are derived. 

A-3.2 PI THEOREM - The Pi Theorem can be applied to the same 

problem without the need of a mathematical model. This 

method is more mechanical in nature but requires significant 

insight into the problem to determine all the pertinent 

variables. 

A-3.2.1 Definition of Variables - The starting point for the 

Pi Theorem dimensional analysis is the determination of the 

physical variables to be used. Fifteen variables were 
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determined to be pertinent to the problem at hand. These 

variables were determined assuming no ullage-liquid inter- 

actions and then considering the individual phenomena 

involved. The variables are defined in Table A-3 (p. A-22); 

their relationship to the tank is shown in Figure A-l (p. A- 

24), where convenient. 

A-3.2.2 Pi Group Development - Four basic dimensions - mass 

(M), length (L), time (0), and temperature (T)- are necessary 

to express these fifteen variables. According to the Pi 

Theorem, these fifteen variables may be combined to form 

15-4 = 11 dimensionless groups. 

The number of ns being known, the next step is to 

formulate explicitly a set of independent ns. One method 

is to find an arbitrary group of parameters that does not 

form a dimensionless product, for example, qw, Ho, Ts-Ti, u 

andp. The selection of this group in reality is not com- 

pletely arbitrary since consideration is given to obtaining 

terms convenient for nondimensionalization and terms which 

should appear in expected groups, e.g., the Reynolds number. 

For convenience, a fifth basic dimension, the Btu (H), is 

defined, allowing five equations in five unknowns to be 

used for the solution of the exponents of the variables in 

the various nondimensional groups. An example of the forma- 

tion of one n grouping is given below; the derivation of a 
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complete set of ns is given in Section A-4: 

nl= al bl 
X 

dl 
SW Ho (T, - Ti&J Pel 

(12) 

The parameters of the denominator have the dimensions of 

[ &-4 a1 [L] b1 [ T] Cl [ L2,&] d1 [ M1L03] e1 1 
The numerator has the dimension of L'. 

the five unknowns can now be written. 

For H, al = 0 

ForT, cl=0 

For M, el = 0 

For L, -2al + bl + 2dl - 3el = 1 

For 0, -al - dl = 0 

Solving for the unknowns, 

al = 0 dl = 0 

bl = 1 el = 0 

Cl = 0 

Five equations in 

n, = X 
~ Hi (Ts-Ti)O Y" PO 

Continuing the above procedure, the set of I7s given in 

Table A-4 (p. A-23) are developed. 

(13) 

04) 

(15) 

(16) 

(17) 

(12) 

A-3.2.3 Scaling Group Development - The relative importance of 

the dimensionless groups and the ways in which they can be 
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combined to give more easily recognizable groups occur from 

an extension of dimensional analysis commonly called simili- 

tude analysis. For example, when the natural-convection 

boundary layer is considered, a knowledge of the physical 

phenomena indicates interest in simulating the ratio of the 

buoyancy force to the viscous force. This leads to the 

obsewation that fl7 should be combined with nil to form 

what is cormnonly called the Grashof number g fi (T,-Ti) x3/p2. 

In like manner, the combination of ng and ng yields 

pzxp/k, which is the ratio of the momentum diffusivity to 

the thermal diffusitivity and is known as the Prandtl num- 

ber. The ratio of the inertial force to the gravitational 

force is obtained by combining (n6)2 and n7. This ratio 

is known as the Froude number. From the overall energy 

balance standpoint a dimensionless bulk temperature rise 

is of interest. This can be obtained by combining n6 and 

n8* From an experimental standpoint it is easier to work 

with wall heat flux than with temperature difference; there- 

fore, the modified Grashof number g flqw H$kg is used in 

place of the Grashof number. The results of this analysis 

yield the same dimensionless groups as obtained from the 

normalization of the governing equations (see Table A-2) 

with the addition of the group fi(Ts-Ti). 

There are now eleven scaling parameters. Nl, N2, N3 
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are nondimensional distance, time, and temperature, respec- 

tively, If only drain temperature is considered, N1 = 0. 

N4 involves geometric similarity. N5 is a relationship be- 

tween heat inputs reaching the stratified layer and heat 

inputs deposited in the bulk. Ng is a Reynold's number for 

the entire draining tank. N7 is the Grashof number, im- 

portant to free-convection flow. Ng relates to nondimen- 

sional bulk temperature rise. Ng is important to tank out- 

flow conditkons. NlO is the Prandtl number of the liquid. 

N11, B (Ts-Ti) 9 is a measure of the liquid expansion effects 

and an indication of the errors resulting from the use of 

a constant p' ; the importance of this group is believed to 

be minimal for low Ts-Ti values, and the important effect 

of /3 is included in the modified Grashof number. 

An experimental test program can now be developed by 

the use of these scaling parameters. Values of the physi- 

cal parameters for the full-scale RNS are substituted into 

the nondimensional groups to determine the explicit values 

to be used in designing the scaled test. 

Existing facilities as well as the choice of test fluid 

will also influence the experiment design,- For example, 

the choice of liquid hydrogen (based on nuclear radiation 

attenuation considerations) restricts the range of those 

groups containing physical property parameters. 
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A-4 NORMALIZATION AND DIMENSIONAL I ANALYSIS DETAILS 

The governing equations which comprise the mathematical 

model are given by Equations 4 to 9. Normalization of these 

equations provides 10 scaling parameters, which are listed 

in Table A-2. The detailed derivation of these groups is 

presented below. The normalization parameters used are 

given in Table A-l. 

Taking the vertical momentum equation (Eq. 4) and sub- 

stituting Equation 9 and the appropriate values for u, v, x, 

r, and P from Table A-l, the following equation results: 

- P g /3 (Ti-T) 

2 a2z 2 

a7 
+l?C+aii: 

jwi? E2 1 
62 Dividing through by n-4 yields the following groups, PD Ho 

which are the coefficients of the various differential 

terms: 
1 . 
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3. g fl(TsoTi)p2D4H, = 
W2 

g 
. 

p2g D%o 
4, . 

W2 

The radial momentum equation and the continuity equation 

yield no new groups. 

Now taking the overall energy balance, Equation 8,dif- 

ferientiating, and substituting the following 

0 = b$& (Equivalent to& &/n$ o Table V) 

?;= - 
T-Tf 
Ts-Ti 

we obtain 

g (Ts-Ti) =s,flm+qb+ 

Dividing through by 6 cp (T,-T& the following new 

dfnensionless groups arise: 
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6. 
qb D2 

6 cp(Ts-Ti) 

These groups along with the addition of the nondimen- 

sional distance x/Ho and dimensional temperature (T-Ti)/ 

(Ts-Ti) form a set of 10 scaling groups. 

The Pi Theorem states that 11 independent dimensionless 

groups are to be expected with the 15 variables previously 

stated. The detail derivation of n2 to nil is given below. 

The group of parameters used to nondimensionalize n, 

in Equation 12, may be repeated as the nondimensionalizing 

group, g Hk (Ts-Ti)C vdpe, for formation of n2 - UlO. 

Since a fifth term was added to this group for convenience 

by defining the Btu as a basic dimension, to form nil, 

one term of the repeating group is discarded from the 

denominator and that term is nondimensionalized by the 

remaining four terms. 

In forming the remainingns the set of Xquations 13 

through 17 remain valid for n2 to nlo, except the values 

on the right-hand-side change for eachn. The values to 

which these equations are set depends on the exponent of the 

respective basic dimension in the numerator. 
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For n,,t 

a 0 = 

c 0 = 

e 0 = 

-2a+b+2d03e = 0 

-a- d=l 

Therefore, n2 = ty 
2 

For, n3, T-Ti T1 [I 
a 0 5 

cl I 

e= 0 

-2a+b+2d=3e = 0 

-a-d = 0 

T-Ti 
Therefore, n3 = T,-T 

i 

For n4, D L' 
[ 1 

a 0 = 

a 0 = 

b=2 

c 0 = 

d = -1 

e= 0 

a=0 

b=O 

cl = 

d=O 

e 0 = 

c 0 = bl = 

e 0 = c 0 = 

-2a+b+2d-3e = 1 d 0 = 

-a-d = 0 
Therefore, U4 = D 

H, 

e 0 E 
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For n,, qb p L-2 e-l] 

al = al = 

c 0 = b 0 = 

e 0 = c 0 = 

-2a+b+2d-3e = -2 d=O 

-a-d = -1 e 0 = 

qb Therefore, f15 = qn 

For n6, 4 M' 8-l 
[ I 

a 0 = 

c 0 5 

e= 1 

-2a+b+2d-3e = 0 

-a-d = -1 

. 
Therefore, Us = w 

HoPV 

Forn7, g [ 1 L8 -2 

a=0 

c 0 =: 

e 0 = 

-2a+b+2d-3e = 1 

-a- d = -2 

HO3 Therefore, n7 = g - 
V2 

a 0 = 

bl = 

c 0 = 

dl = 

el = 

a=0 

b = -3 

c 0 = 

d 2 3 

e 0 = 
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For n8, cp p M-1 T-l] 

al = 

C = -1 

e = -1 

-2a+b+Zd-3e 

-a- = d 0 

Therefore, n8 = 

For n9, k Lo1 To1 0-l 
I 

al = 

bl = 

C = -1 

= 0 d = -1 

e= -1 

Cp (Ts-Ti)P V 

qw Ho 

1 

al = a=1 

C = -1 b-l 

e 0 = C = -1 

-2a+b+2d-3e = -1 d=O 

-a-d = -1 e 0 = 

Therefore, "9 = 
k (Ts-Ti) 

qw H, 

For nlo, qw is taken from the group of repeaters and 

the remaining four are used to non-dimensionalize q,. 

40 = 
qw 

b c 
HE (Ts-Ti) V P 

d 
I- 1 
Ml 8 -31 

[L'] a [T'lb [L2Wl] ' [M'L-31 d 



For M dl = a = -3 

For 8 -c = -3 b 0 = 

For L a+Zc-3a = 0 c 3 = 

For T b 0 = dl = 

Therefore, nlo 5 qw Ho3 
V3 

For 41, [ 1 T-1 

a 0 = 

C = -1 

e 0 = 

-2a+b+2d=3e = 0 

-a-d = 0 

a 0 = 

b 0 = 

C = -1 

d 0 = 

e 0 = 

Therefore, "11 = B (T&i) 
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TABLE A-l Normalization Parameters 

u p D2 
ii= tj 

-= v p D2 
V 

i 

T-Ti 
'= T-T si 

8 =Y- 0 

X= 
:0 

,=r 
D 

F’= P t2 

P D* 
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TABLE A-2 Dimensionless Scaling Groups 

X 
=- 

N1 Ho 

N2 =Vt 
H2 0 

T - T, 
N3 =Ts i -1 

N4 
D =- 

HO 

N5 
'b =- 
qW 

. 

N6 =fz5 

mTJH: 
N7 = kv2 

Ng = 
qb D* 
~ cp(Ts-Ti) 

W2 
. 

N9 = gp2Dtio 

N10 
=“-rg 
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TABLE A-3 Pertinent Variables 

Geometric 

Kinematic 

Dynamic 

Thermal 

initial liquid level 

tank diameter 

kinematic viscosity 

density 

drain rate 

position measured axially 
from tank bottom 

gravitational acceleration 

coefficient of thermal 
expansion 

average tank wall heat flux 

qb, average tank bottom heat flux 

T-Ti, local temperature difference 

Ts-Ti, surface temperature difference 

t 9 time 

k 9 conductivity 

cP9 heat capacity 
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& H” I- 
O 

n2 = = 

H2 0 

TABLE A-4 Derived Pi Gropings 

T - Ti 
n3=T o'JJ 

S i 

n4 HD I- 
O 

*5 
'b S- 
4W 

. 
& = w 

PVHO 

n, 
g Ho3 

=y2 

n8 = 
c (T -Ti)vP 
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APPENDIX B 

DESCRIPTION OF ANALYTICAL PROCEDURES 

B-l COMPUTER CODE AG4 

Computer Code AG4 is the Fort Worth operation's desig- 

nation for the Asymmetric Propellant Heating Computer Pro- 

gram developed by LMSC as part of Phase I of the Modular 

Nuclear Vehicle Study (Ref. 2). The code is based on a 

stratification and pressurization model which treats a 

draining axisymmetric vessel under variable acceleration and 

allows for asymmetric heating effects. The liquid is treated 

in a stepwise-in-time manner and is stratified in horizontal 

layers by the assumed quasi-steady boundary-layer flow 

along the heated vessel walls. The boundary-layer flow is 

considered to be turbulent and includes both wall and nuclear 

(source) heating. Bulk nuclear heating is also included. 

The pressurization is treated in a continuous manner and 

couples the ullage with the liquid and the wall through mass 

and energy transfer, and includes continuous or intermittent 

pressurization or venting. The ullage region is considered 

to be a lumped system (one node) as is the tank wall. Tem- 

perature and low-pressure dependent values are considered 

for liquid, vapor, wall, and tank-insulation properties. 
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B-2 COMPUTER CODE RIO 

The Fort Worth operation code RIO is a modified version 

of the code developed by NASA/LeRC to analyze the 1250gal 

tank test data generated by the FWD in 1963. The analytic 

model upon which this procedure is based is given in Reference 

lo The physical problem solved is that of a draining, 

axisymmetric tank subjected to a constant pressure from an 

active pressurization system, No ullage-liquid interactions 

are considered. Flow into the stratified region of the 

liquid is based on turbulent free-convection along the 

heated walls, Wall and bulk nuclear heating is a tabular 

input group as a function of axial distance from the tank 

bottom., Constant property values are assumed. This problem 

is solved by assuming a plausible temperature profile which 

is made to satisfy the momentum and energy equations based 

on the entire fluid in the tank. The program is written 

in FORTRAN IV language compatible with the IBM System 360. 

B-3 COMPLETE-MIX MODEL 

The complete-mixmodel applies to a draining axisymmetric 

tank and assumes that all ambient and nuclear energy inputs 

to the tank are instantly distributed uniformly throughout 

the remaining liquid, No ullage interactions are considered. 

The heating inputs are, however, functions of the liquid 
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level and are therefore time variant, Constant property 

values are assumed. 

The constant Q complete-mix model differs from the com- 

plete-mix model only in that the heating rates applicable 

at the initial liquid level are assumed to apply throughout 

the drain period. 



APPENDIX C 

RNS DUAL-CELL CONCEPT ANALYSIS 

C-l INTRODUCTION AND SUMMARY 

The concept of the Reusable Nuclear Shuttle propellant 

storage system that consists of a single external tank with an 

internal tank was reviewed to determine possible problems based 

on thermodynamic considerations. This configuration of the RNS 

is defined by North American Rockwell Space Division (Ref.4). 

Nuclear data for this analysis was based on the Aerojet- 

General source terms for the 1500~MW hot-bleed NERVA engine 

given in Reference 16. 

No specific problems were found that would cause the feasi- 

bility of this concept to be questioned. However,the addition 

of the internal tank does cause several additional weight 

penalties and thermodynamic problems not present in a single- 

tank design. Three problem areas have been investigated and 

the results are discussed: (1) local boiling, (2) prepressuri- 

aation requirements, and (3) drain temperature. 

C-2 LOCAL BOILING 

The possibility of boiling within the tank during prepres- 

surization, firing, and cool-down modes was investigated. The 

prime problems are associated with the internal tank and 
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intercell feed lines where they interface with hot ullage ant' 

the penetration heat leak at the internal tank mount. It was 

estimated that the highest heat flux to the fluid, during proper 

operation of the thermodynamic vent system, will be 11 Btu/h-ft 2 - 

OR, which is well below the incipient boiling critical heat 

flux. *Failure of the thermodynamic vent system could, however, 

result in heat fluxes large enough to cause boiling under coast, 

and.cool-down conditions at the point where the internal tank 

mounts to the external tank (one of the vent system functions 

is to produce subcooled liquid in the lower regions of the tank). 

The consequences of boiling at this point would be particularly 

severe since the vapor would be trapped under the zero-g pro- 

pellant retention screens. Vapor trapped in this location 

could enter the intercell feed lines resulting in a higher 

pressure required to force feed the internal tank. 

C-3 PRRPRESSTJRIZATION REQUIREMENTS 

FigJre C-l presents the relationship of the liquid levels 

to the tank geometry after the completion of the TLI burn. The 

cold column of liquid hydrogen contained in the internal tank 

not only reduces the average ullage temperature but also pro- 

vides a cold surface on which the gaseous hydrogen (ullage) 

may condense. The net effect is about a threefold increase 

in the mass of auxiliary pressurization gas required compared 
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with a single-tank concept. Because of condensation, the 

pressurization gas required during firing is greater for the 

dual-cell concept than for a single-tank design. For example, 

a peak pressurization flow rate without an internal tank is 

estimated to be 0.75 lb/set while with the internal tank this 

peak pressurization flow rate is increased to 1.7 lb/set. 

It can be concluded from the above that the presence of 

the internal tank substantially increases the mass of stored 

prepressurization gas required. This condition appears 

to have been included in NAR's assessment of the auxiliary 

pressurization system weight penalty. 

C-4 DRAIN-TEMPERATURE PROFILES 

Drain-temperature profiles were generated for each of the 

four main engine burns of the lunar shuttle mission. The drain- 

temperature analysis is based on a mixed model and uses the 

nuclearheatingrates presented in Figure C-2. The mixed model 

assumes that the energy being absorbed by the LH2 is completely 

and instantly mixed throughout the LH2 remaining at any time 

step. The ambient heat flux to the external tank is proportional 

to the tank surface area wetted by the LX2 at any time step. 

The nuclear heating is also time varient since it depends upon 

the LH2 remaining in the tanks at any given time. The tanks 

were analyzed assuming that they were drained in series. 
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Figures C-3 through C-6 present the drain-temperature 

profiles for the TLI, LOI, 

assumed to be initially at 

burn. 

TEI, and EOI bums. The LH2 was 

24-psi saturated conditions for each 

The use of an internal tank creates an additional heat 

load on the draining fluid caused by the increase in wetted 

area. The primary heat load is due to ullage condensing: on 

the exposed area of the internal tank. This heat load can 

produce up to 66 percent of the total increase in drain tempera- 

ture (main tank empty, internal tank draining). A secondary 

heat load is created by the LH2 passing through the high radia- 

tion field twice. In addition, the fact that the internal tank 

is used as a shield means that a significant amount of energy 

is deposited in the internal tank and with the new full-flow 

engine this could be significant. The effect of this design 

change on drain temperature was not analyzed at this time 

because adequate design data were not available. 

The net effect of the drain-temperature rise is an increase 

in saturation temperature and pressure of the LH2 in the tank. 

For the four main engine burns, the saturation pressure will not 

exceed the tank pressure operating limit of 32.1 psia. The 

maximum drain temperature of 41.55OR occurs after the external 

tank is empty during the EOI burn. This temperature corresponds 

to a pressure of 30.5 psia. With an estimated 0.6-psi feed- 
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- 

system loss and a 0.5-psimargin, the required saturation 

pressure will be 31,6 psia. 

After each bum the tank will be vented to 24 psia. Boil- 

off losses due to this venting were estimated at 1410 pounds. 



APPENDIX D 

DRAIN-TEMPERATURE PLOTS 

Figures D-l through D-25 are PHT drain-temperature plots 

predicted using computer code RIO. The PHT operating conditions 

for the data shown in the plots correspond to those in Table 

4-2 for the applicable run number. 
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